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DESCRIPTION 



AXLE UNIT WITH SLIP SENSOR AND SLIP MEASUREMENT METHOD 



This invention relates to an axle unit with a slip sensor 
and a slip measurement method used for stability control (stable 
run control) of an automobile. 

Background Art 

In recent years, a stability control system is adopted for 
a vehicle (for example, refer to patent document 1) . Thus, a 
slip sensor for measuring the slip ratio and the slip state for 
each axle with high accuracy is demanded. A method for measuring 
the condition required for stability control using the slip sensor 
is demanded. (The slip ratio represents the difference between 
the peripheral speed of tire and the travel speed (ground speed) 
of tire . Generally, it is said that the slip ratio becomes 0.001, 
0.01, 0.1, etc., because of a partial slip even when the tire 
grips the ground.) 

[Patent document 1] JP-A-2003-118554 

Disclosure of the Invention 

By the way, the slip ratio of each wheel needs to be measured 
with good accuracy to enhance the control accuracy of TCS, ABS, 
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Technical Field 



stability control, etc. 

However, the slip ratio of a wheel is found based on both 
the rotation speed of the wheel and the speed of a car body relative 
to the road surface (ground speed) . According to the related 
art described above, the car body speed cannot directly be found 
although the rotation speed of the wheel can be detected with 
good accuracy . Thus, for example, the slip ratiomust be estimated 
totally from the rotation speed of four wheels. Consequently, 
there is a problem of incapability of precisely finding the slip 
ratio and the slip state for each wheel particularly when the 
vehicle turns. 

It is therefore an object of the invention to provide an 
axle unit with a slip sensor and a wheel slip ratio measurement 
method for making it possible to find the wheel slip ratio with 
good accuracy and more appropriately control stable running of 
a vehicle accordingly. 

1) According to the invention, there is provided a wheel run 
state measuring method of using an acceleration sensor in the 
traveling direction of each wheel and a wheel rotation sensor, 
attached to each axle unit of a vehicle. 

2) According to the invention, there is provided a wheel run 
state measuring method of using an acceleration sensor in the 
traveling direction of each wheel, attached to each axle unit 
of a vehicle, an acceleration sensor in the lateral direction 
of each wheel, and a wheel rotation sensor. 
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3) According to the invention, there is provided a wheel run 
state measuring method of using an acceleration sensor in the 
traveling direction of each wheel, attached to each axle unit 
having a drive wheel of a vehicle and a wheel rotation sensor. 

4) According to the invention, there is provided a vehicle 
using the method described above in 1 ) . 

5) According to the invention, there is provided a vehicle 
using the method described above in 2 ) . 

6) According to the invention, there is provided a vehicle 
using the method described above in 3) . 

7) According to the invention, there is provided an axle unit 
or a rolling bearing unit for axle support having an acceleration 
sensor for measuring acceleration in the traveling direction of 
a wheel and a rotation sensor for measuring the rotation angular 
speed of the wheel . 

8) According to the invention, there is provided a vehicle 
control apparatus using an acceleration sensor of each wheel and 
a wheel rotation sensor, attached to each axle unit of a vehicle. 

9) According to the invention, there is provided a rolling 
bearing unit for axle support having the acceleration sensor and 
the rotation sensor described above in 8) . 

10) According to the invention, there is provided a wheel unit 
having a stationary member, a rotation member being rotatable 
relative to the stationary member , a sensor rotor being attached 
to the rotation member, a rotation speed sensor being attached 



to the stationary member so as to be opposed to the sensor rotor 
for outputting a rotation speed signal responsive to the rotation 
speed of the sensor rotor, and an acceleration sensor being 
attached to the stationary member for outputting an acceleration 
signal responsive to the acceleration in the traveling direction 
of the wheel unit. 

11) According to the invention, there is provided a wheel unit 
having a stationary member, a rotation member being rotatable 
relative to the stationary member , a sensor rotor being attached 
to the rotation member, a rotation speed sensor being attached 
to the stationary member so as to be opposed to the sensor rotor 
for outputting a rotation speed signal responsive to the rotation 
speed of the sensor rotor, and an acceleration sensor being 
attached to the stationary member for outputting an acceleration 
signal responsive to the acceleration in the traveling direction 
of wheel. 

12) According to the .invention, there is provided a rolling 
bearing unit for wheel support having a rotation wheel, a 
stationary wheel, a plurality of rolling elements being placed 
between the stationary wheel and the rotation wheel, a sensor 
rotor being attached to the rot ation wheel , a rotation speed sensor 
being attached to the stationary wheel so as to be opposed to 
the sensor rotor for outputting a rotation speed signal responsive 
to the rotation speed of the sensor rotor, and an acceleration 
sensor being attached to the stationary wheel for outputting an 
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acceleration signal responsive to the acceleration in the 
traveling direction of wheel. 

13) According to the invention, there is provided a wheel unit 
having a stationary member of the wheel unit below a spring of 
a vehicle suspension, a rotation member being rotatable relative 
to the stationary member, a sensor rotor being attached to the 
rotation member, a rotation speed sensor being attached to the 
stationary member so as to be opposed to the sensor rotor for 
outputting a rotation speed signal responsive to the rotation 
speed of the sensor rotor, and a semiconductor acceleration sensor 
being attached to the stationary member for outputting an 
acceleration signal responsive to the acceleration in the 
traveling direction of wheel. 

14) According to the invention, there is provided a vehicle 
control method using an acceleration sensor in the traveling 
direction of each wheel and a wheel rotation sensor, attached 
to each axle unit of a vehicle. 

15) According to the invention, there is provided a sensor having 
an acceleration sensor and a rotation speed sensor provided on 
a wheel to use the measuring method described above in 4) or the 
vehicle control method described above in 14). 

16) According to the invention, there is provided a bearing 
including the sensor described above in 15) . 

17) According to the invention, there is provided a control 
system for controlling the run state of an automobile using the 
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measuring method described above in 1) or the vehicle control 
method described above in 14). 

According to the invention, the wheel slip ratio and the 
slip state can be found with good accuracy and stable running 
of the vehicle can be more appropriately controlled accordingly. 

Brief Description of the Drawings 

FIG. 1 is a sectional view of a rolling bearing unit used 
with a first embodiment of the invention; 

FIG. 2 is a schematic drawing of a slip sensor used with 
a first embodiment of the invention; 

FIG. 3 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 4 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 5 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 6 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 7 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 8 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 9 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 
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FIG. 10 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 11 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 12 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 13 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 14 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 15 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 16 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 17 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 18 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 19 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 20 is an external view of attachment of a pressure 
sensor used in the first embodiment of the invention; 

FIG. 21 is a sectional view of the sensor portion in FIG. 

20; 

FIG. 22 is a dynamical schematic representation used to 
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calculate slip ratio in the first embodiment of the invention; 

FIG. 23 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 2 4 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 25 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 2 6 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 27 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 28 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 29 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 30 is a measurement result table of examining the 
relationship between the sensor attachment position and an error 
in the first embodiment of the invention; 

FIG. 31 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 32 is a dynamical schematic representation used to 
calculate slip ratio in the first embodiment of the invention; 

FIG. 33 is a sectional view of a rolling bearing unit for 
wheel support according to a second embodiment of the invention; 

FIG. 34 is a sectional view taken on line IV- IV in FIG. 
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33; 

FIG. 35 is a flowchart of control operation performed the 
second embodiment of the invention; 

FIG. 36 is a sectional view of a rolling bearing unit for 
wheel support according to the second embodiment of the invention; 

FIG. 37 is a sectional view of a rolling bearing unit for 
axle support according to a third embodiment of the invention; 

FIG. 38 is a sectional view taken on line II-II in FIG. 

37; 

FIG. 39 is an enlarged view of the part indicated by arrow 
III in FIG. 137; 

FIG. 4 0 is a diagram to show output change of a displacement 
measurement element ; 

FIG. 41 is a flowchart to execute a vehicle control method 
of a controller in each embodiment of the invention; 

FIG. 42 is a sectional view of a rolling bearing unit for 
axle support according to a fourth embodiment of the invention; 

FIG. 43 is a flowchart to execute a different vehicle control 
method of a controller in the embodiment of the invention; 

FIG. 44 is a sectional view of a knuckle unit and a wheel 
unit according to a fifth embodiment of the invention; 

FIG. 45 is a sectional view to show acceleration sensor 
arrangement according to a sixth embodiment of the invention; 

FIG. 46 is a sectional view of a rolling bearing unit for 
axle support according to a seventh embodiment of the invention; 
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FIG. 47 is a sectional view of a rolling bearing unit for 
axle support according to an eighth embodiment of the invention; 
FIG. 48 is a sectional view taken on line II-II in FIG. 

47; 

FIG. 49 is an enlarged view of the part indicated by arrow 
III in FIG. 47; 

FIG. 50 is a sectional view of a rolling bearing unit for 
axle support according to a ninth embodiment of the invention; 

FIG . 51 is a flowchart to execute a different vehicle control 
method of a controller in the embodiment of the invention; 

FIG. 52 is a sectional view of a rolling bearing unit for 
axle support according to a tenth embodiment of the invention; 

FIG. 53 is a sectional view of a rolling bearing unit for 
axle support according to an eleventh embodiment of the invention; 

FIG. 54 is a sectional view of a rolling bearing unit for 
axle support according to a twelfth embodiment of the invention; 

FIG. 55 is a sectional view of a rolling bearing unit for 
axle support according to a thirteenth embodiment of the 
invention; 

FIG. 56 is a sectional view of a rolling bearing unit for 
axle support according to a fourteenth embodiment of the 
invention; 

FIG. 57 is a sectional view of a rolling bearing unit for 
axle support according to a fifteenth embodiment of the invention; 

FIG. 58 is a sectional view of a rolling bearing unit for 
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axle support according to a sixteenth embodiment of the invention; 

FIG. 59 is a sectional view of a rolling bearing unit for 
axle support according to a seventeenth embodiment of the 
invention; 

FIG. 60 is an enlarged view of the part indicated by arrow 
III in FIG. 59; 

FIG. 61 is a sectional view of a rolling bearing unit for 
axle support according to an eighteenth embodiment of the 
invention; 

FIG. 62 is an enlarged view of the main part to show an 
example of a preferred attachment position of a composite sensor; 

FIG. 63 is an enlarged view of the main part to show an 
example of a preferred attachment position of a composite sensor; 

FIG. 64 is an enlarged view of the main part to show an 
example of a preferred attachment position of a composite sensor; 

FIG. 65 is an enlarged view of the main part to show an 
example of a preferred attachment position of a composite sensor; 

FIG. 66 is an enlarged view of the main part to show an 
example of a preferred attachment position of a composite sensor; 

FIG. 67 is an enlarged view of the main part to show an 
example of a preferred attachment position of a composite sensor; 

FIG. 68 is an enlarged view of the main part to show an 
example of a preferred attachment position of a composite sensor; 
and 

FIG. 69 is an enlarged view of the main part to show an 



example of a preferred attachment position of a composite sensor . 

Best Mode for Carrying out the Invention 

Preferred embodiments according to the invention will be 
discussed in detail based on the accompanying drawings. 

Next, a slip ratio measurement method of a wheel according 
to a first embodiment of the invention will be discussed with 
reference to FIGS. 1 to 32 . 

AS shown in FIG. 1, an axle unit (or wheel unit ) 210 including 
a rolling bearing unit ( also called a wheel bearing unit ) attached 
to a knuckle of a wheel support member has a slip sensor 211 
including acceleration sensors and a rotation sensor in one piece . 
The slip sensor 211 has the rotation sensor 222 placed on the 
base face, and the rotation sensor is placed facing an encoder 
213 attached to a rotation member 212. A brake rotor and a tire 
are attached to the rolling bearing unit. 

As shown in FIG. 2, as the acceleration sensors 221 of the 
slip sensor 211, two are attached in the x direction (wheel 
traveling direction) , two are attached in the y direction (wheel 
lateral direction) , and one is attached in the z direction (wheel 
longitudinal direction) . A sensor having a three-axis 
acceleration sensor and a two-axis (xandy) angular acceleration 
sensor in one piece may be used. For example, the following 
products and patent documents are disclosed f rom Kabishiki kaisha 
Wako : 



US6282956 Multi-axial Angular velocity sensor 
US6269697 Angular velocity sensor using piezoelectric 
element 

US6098461 Acceleration sensor using piezoelectric 
element 

US5850040 Multi-axial acceleration sensor using 

The y-direction acceleration sensor 221 becomes necessary 
at the turning time. The z-direction acceleration sensor 221 
is used for correcting the effect of a vibration component caused 
by uneven spots on the road surface, but may be nonexistent. 

Further, to find the ground speed of the car body, the 
acceleration sensor may be provided on the car body. In this 
case, the ground speed of each wheel is replaced with the ground 
speed of the car body in reading. In this case, at the traveling 
time in a straight line, the acceleration and ground speed of 
each wheel may be replaced with the acceleration and ground speed 
of the car body. 

To begin with, ground speed V of each wheel is found. As 
shown in FIG. 3, at the real running time, a partial slip occurs 
in radius R of the wheel at the driving time in each wheel, 
particularly the drive wheel, and given speed appears . Assuming 
that the same speed appear s with partial slip 0, it can be considered 
that the radius of each wheel small changes, and the radius of 
each wheel is assumed to be virtual radius r. The virtual radius 
becomes smaller than the real radius at the driving time; in 



contrast, it becomes large at the braking time. 

Using wheel rotation angular speed co detected by the 
rotation sensor 222 attached to each rolling bearing unit (or 
wheel support member or axle unit or wheel unit) 210 and 
acceleration a x relative to the x direction of each wheel detected 
from the acceleration sensor 221 attached to each wheel support 
member, ground speed V of each wheel is represented by the following 
expression: 
[Expression 1] 

V=rco ■•• (101) 

Here, assuming that the virtual radius r is constant 
(r=const), if the expression is differentiated with respect to 
the time (represented by ? in the expression) to transform the 
expression, the virtual radius r is represented as follows: 
[Expression 2] 

V' = ra)' • ' • (102) 

[Expression 3] 

a x =rco' (103) 
[Expression 4] 




• • • (104) 



Next, using acceleration a x detected by the acceleration 
sensor 221 attached to each wheel support member (axle unit or 
wheel unit) 210 and rotation angular speed co detected by the 
rotation sensor 222, ground speed V of each wheel can be found 



as in the following expression from expressions (101) and (104) : 
[Expression 5] 



Strictly, when the virtual radius r is constant, expression 
(105) holds; however, when a x /(£> % is almost constant in each wheel, 
the ground speed V of each wheel can be found from expression 
(105) . Here, the expression "a x /co f is almost constant" is used 
to mean change within 10 mm or 1 mm for one second or change within 
10 mm or 1 mm within the sampling interval, for example. Letting 
the time when the condition becomes false, namely, when a x /co 1 
does not become almost constant be tl and the ground speed at 
the time be V tl , the later ground speed V in each wheel is found 
by the following expression: 
[Expression 6] 



When ax/co' again becomes almost constant, the ground speed 
V in each wheel is replaced with the value of (a x /co f ) co, whereby 
the ground speed V in each wheel can always be found with high 
accuracy. Whether or not a*/© 1 = const can be determined by 
determining whether or not it changes within 10 mm or 1 mm for 
one second or changes within 10 mm or 1 mm within the sampling 
interval, for example. 

Next, the effect of road gradient angle P is removed. As 



V = T(D~ — -co 
co 



••• (105) 




• - • (106) 



shown in FIG. 4, at the slope running time, if the acceleration 
sensor 221 is an acceleration sensor using the force generated 
by acceleration, such as a piezo element system, a piezoelectric 
element system, or a strain gate system, the effect of road gradient 

angle P appears and therefore needs to be removed. As for output 
of the acceleration sensor, the output when the vehicle is 
accelerated in the x direction, namely, in the traveling direction 
of the vehicle is positive. Real acceleration a xr is found by 
the following expression as gravity component g sinP is removed 
from output a xa of the acceleration sensor 221: 

[Expression 7] 

a xr =a xa -gsmj3 ••• (107) 

P becomes positive on an upward slope and becomes a negative 
value on a downward slope. When oo = const, almost oc xr = 0 results 
and therefore the road gradient angle p can be found as in the 
following expression. Whether or not CD = const is determined 
by measuring the ratio between ©i at the measurement time and 
© 2 in constant time At after the measurement. For example, if 
©1/0)2 is within ±1% or 0.1%, it is determined that 00 = const. 

[Expression 8] 

sin>0 = -^ (108) 
g 

When the condition does not hold, as the two acceleration 
sensors 221 for detecting acceleration in the same direction, 
SI is placed above and S2 is placed below as in FIG. 5(a) and 



the later road gradient angle p is found from the following 
expression where sensor outputs are a xa i and oc xa 2/ the distance 
between the sensors is d, the time when the condition becomes 
false is t a , and the road gradient angle just before the condition 

becomes false is p t i (see FIG. 5(b)): 
[Expression 9] 

>5 = JJ{(«« 2 -«» 1 )M^ 2 +A 1 (109) 
'l 

(a*a2 - a xa i)/d in expression (109) is the angular 
acceleration difference caused by the road gradient angle and 
therefore as integration is performed twice, the fluctuation of 
the road gradient angle is found. If co = const again results, 
the value is replaced with the value found according to expression 
(108) . Accordingly, the road gradient angle can always be found 
with high accuracy. Hereinafter, the acceleration ot x will 
represent the real acceleration a xr . 

Next, the slip ratio S of tire will be discussed. The slip 
ratio S of tire is defined by the following expression where Ve 
is the peripheral speed of the tire: 
[Expression 10] 

S= J - V/V r e (at driving time) • • • (110) 

S = J - V</V(at brakifig time) • - * { 110) 

The tire peripheral speed V G is found as the product of 
the tire real radius R and the rotation angular speed co detected 
by the rotation sensor 222. That is, V e = Rcd . 



Since the ground speed V of each wheel is always found by 
expressions (105) and (106) , the slip ratio of each tire is found 
from the following expression according to expression (110) : 
[Expression 11] 

S = J - V/Rco(at driving time) • • • (111) 

S = 1 - Ra/V (at braking time) • ■ • (111) 

Here, the real radius R of each wheel (tire) is found as 
R=V/cd because the ground speed V is always found according to 
expressions (105) and (106) . However, R=V/co always holds for 
a driven wheel when no brake is applied and R=V/© holds for a 
drive wheel if the slip ratio S of the tire is almost 0, for example, 
within 0.01 or 0.001. 

Next, the condition that the slip ratio of the tire of the 
drive wheel becomes almost 0, namely, a neutral state is entered 
is shown. In the neutral state, if the effects of run resistance, 
air resistance of the tire, etc., are not received, the following 
expression is applied considering the road gradient angle p as 
shown in FIG. 6: 
[Expression 12] 

a x =-gsin/3 •••(112) 
To actually find R under the neutral condition, R is further 
found at almost the traveling time in a straight line (definition 
of the traveling time in a straight line is described later) with 
no brake applied. 

In fact, in the drive wheel, even under the neutral condition 
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(a x = -g sinp) , slip ratio rather than neutral exists . Therefore, 
acceleration ot xN (negative value) corresponding to the neutral 
state at the ground speed V is added by experiment on a f latland 
when no natural wind exists or the like and, for example, the 
values of a xN corresponding to V = 10, 20, 30, 40, and 50 (km/h) 
are stored and each value is added and when the following expression 
holds, the neutral state is assumed to be entered: 
[Expression 13] 

a x =-gsm J3 + 0!^ • • • (113) 

In the condition of expression (113), R may be measured 
several times and be averaged. 

If ot X N is not stored, when expression (112) holds when the 
effects of run resistance of the tire, air resistance, etc., are 
small, namely, when the vehicle runs at low speed, the neutral 
state may be assumed to be entered. 

In the calculation, it is assumed that the effect of the 
external force of natural wind (simply, wind), etc., does not 
exist. However, if the external force of wind, etc., is considered, 
a slip occurs even in the state of expression (113) . Thus, the 
condition that drive force does not appear and engine brake is 
not applied either for the speed of the automobile and the number 
of revolutions of the engine (for example, the opening of engine 
throttle, etc. , ) is stored and R is measured only under the stored 
condition. When the clutch is in disengagement and the brake 
is not effective, it may be assumed that the neutral state is 



entered as with the driven wheel. 

Under the condition that the slip ratio of each wheel is 
small, namely, when the road gradient angle is small with low 
acceleration, namely, when both ct x and -g sinp are small and further 
air resistance is small (namely, low speed of 10 km/h or less) , 
r may be averaged to find R. 

When the electric system of the automobile (power supply) 
is off, the value of R is stored and when the automobile is next 
driven, the value is used until R is found. 

Since the real radius R of the wheel is thus found, the 
precise slip ratio of each wheel can always be found according 
to expression (111). 

When the real radius of each tire is thus found, it is also 
useful for detecting an anomaly of each tire. For example, it 
is advisable to detect an anomaly when a tire blows out as follows : 

First, if the virtual radius r or the real radius R rapidly 
becomes small, the accelerator slot is closed. Then, if the 
virtual radius r or R rapidly becomes large and is restored, simply 
a slip occurs; if the virtual radius r or R is not restored, there 
is a possibility that the tire may blow out, and therefore the 
driver is prompted to stop the vehicle. 

When the tire radius decrease ratio of one wheel from time 
ti to time t 2 (Rti-Rt2) /Rt2 is larger than the tire radius decrease 
of any other wheel (for example, 10% or more for two to five seconds; 
5% or more for five to 20 seconds), it is advisable to perform 
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similar control. 

Next, a method of finding the road friction coefficient 
at the traveling time in a straight line will be discussed. 

The road friction coefficient of each wheel in a state in 
which a partial slip occurs at the traveling time in a straight 
line is found using the slip ratio S. The traveling time in a 
straight line refers to the time when x-direction acceleration 
axn (n=l, 2, 3, 4) in the traveling direction of each wheel is 
almost equal or the time when y-direction acceleration a yn (n=l, 
2, 3, 4) in the lateral direction of each wheel is almost 0. 

Here, wheels 1, 2, 3, and 4 and the x and y directions are 
determined as shown in FIG. 7. Road friction coefficient [X is 
found using the slip ratio S of each wheel, longitudinal load 
F z , and the inertial force caused by vehicle weight M. In a state 
in which a partial slip occurs, it is assumed that generally the 
following expression holds for drive force Fxn in the x direction 
acting on each wheel, slip ratio Sn, road friction coefficient 
\in, and longitudinal load Fzn of each wheel as in FIG. 8. (In 
an area wherein the slip ratio S is small, it is assumed that 
Fx changes almost linearly relative to S . In fact, it is also 
considered that Fx changes like a curve relative to S, but here 
it is assumed that Fx changes almost linearly relative to S.) 
A calculation method based on change like a curve is described 
later. k b is a constant determined by the rubber material of 
the tire, the structure of a tread pattern, etc. 



[Expression 14] 



f x} = mA> 5, 



••■ (114-1) 



••• (114-2) 



F x3 = ykk/hF*Ss 



••• (114-3) 



■ (114-4) 



Considering an equation of motion at the center of gravity, 
car body drive force F xc is represented by the following expression 
where the acceleration at the center of gravity is a xc and the 
vehicle weight (mass) is M. Product Ma of the car body mass M 
and the acceleration a is the inertial force based on the car 
body mass. The acceleration at the center of gravity ot xc at the 
traveling time in a straight line is found as the average of the 
x-direction acceleration a xn (n=l-4) of each wheel. In the 
equation of motion, the acceleration component caused by gravity 
needs to be added. 
[Expression 15] 



In fact, the effects of air resistance, run resistance of 
the tire, and natural wind act on the wheel and therefore these 
are assumed to be and need to be considered for the equation 
of motion. 

Here, assuming that R© is a constant in a minute time, F xc 
is represented by the following expression: 
[Expression 16] 



F«=Af(a„+*sin/?) 



••• (115) 



F„=M{a M + gs\np) + R m 



••• (116) 



If this expression is differentiated with respect to the 

time, R(o disappears. 

If it is considered that the road gradient angle p does 
not change in a minute time, the gravity component also disappears 
and the road gradient angle p becomes the following expression: 
(Calculation may be performed when P does not change for a constant 
time . ) 
[Expression 17] 

F' =Ma' ( 117 > 

a xc 

Next, if expressions (114) are differentiated with respect 
to the time, they become the following expressions. Here, it 
is assumed that [i n , F 2n , and P do not change in a minute time. 
[Expression 18] 

^,=f/v^; •••die-!) 

F' =—a F S' (H8-2) 

f; 3 =±m 3 f, 3 s' 3 -..(118-3) 

F; 4 =±M<F, A S' 4 •.• (118-4) 

K 

Expressions (117) and (118) are set to simultaneous 
equations as follows: 
[Expression 19] 
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' • ' (119-1) 




••• (119-2) 



••• (119-3) 




... (H9-4) 



K=Ma' x , 



... (H9-5) 



XC 



A method of finding the road friction coefficient of each 
wheel by solving simultaneous equations (119) is shown. That 
is, at the traveling time in a straight line, the road friction 
coefficient p. n of each wheel and the drive force F xn of each wheel 
are found using the slip ratio S n of each wheel, the longitudinal 
load F zn imposed on each wheel, and the inertial force M a caused 
by the car body mass M. An easy and precise calculation method 
using the direct measurement value of the longitudinal load for 
each wheel is described later . To begin with, a method of finding 
the longitudinal loadby calculation and finding the road friction 
coefficient based on the longitudinal load is shown. 

Since the number of variables is too many, it is once assumed 
that the four wheels are equal in road friction coefficient, and 
the road friction coefficient is set to |i n . 
[Expression 20] 



••• (120) 
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Next, load sharing ratio f n (n=l, 2, 3, 4) is used. This 
load sharing ratio is thought of as a constant in a minute time. 
Since the load sharing ratio is the sharing ratio of loads imposed 
on the wheels of the vehicle weight M, the longitudinal load of 
each wheel is found as F zn = fnMg.cosp (see FIG. 9) . Using the 
load sharing ratio, expressions (119) become the following 
expressions : 
[Expression 21] 

F^=^-M n fMg^s/3-S[ •••.(121-1) 
K 

• F; 2 =±Ju n f 2 Mg cos /f-S' 2 •••(121-2) 

K 

FU=TTMJJ*g<*>*P- s * (121-3) 

FU=J-MJMg«>*fi-S* ••• (121-4) 

K =Ma' xc (121-5) 
/,+/,+/,+/,=! ---(121-6) 
Next, torque distribution ratio k dn (n=l, 2, 3, 4) to the 
wheels is used. This torque distribution ratio k dn is the ratio 
of distributing torque T c of the running gear to the wheels and 
is the value foundas the running gear of the automobile distributes 
the torque. The torque of each wheel becomes T n = k dn T c . 

The relation of k d i + k d2 + k d3 + k d4 = 1 holds. 
Since the torque of each wheel is the product of the drive force 
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F xn of each wheel and the tire real radius R of each wheel, the 
following expression holds: 
[Expression 22] 

T = F -R ( 122 ) 

n J xn * v n 

This expression is transformed as follows: 
[Expression 23] 

F xn =T n /R n =k dn -TjR„ •••(123) 
Since the drive force of the car body at the traveling time 
in a straight line is the sum of the drive forces of the wheels, 
the following expression holds: 
[Expression 24] 

F xc =±F xn =±^-T c •••(124) 

n=\ 77=1 ^ n 

If expressions (123) and (124) are differentiated with 
respect to the time, the following expression is obtained. 
Here, it is assumed that k dn and R n do not change in a minute time. 
[Expression 25] 

p, ^Kn_ T ... (125-1) 



A 



p> = *yt*L T > ... (125-2) 

If expression (125-1) is assigned to expressions (121-1 
to 121-6) and further expression (125-2) is added, the following 
result : 
[Expression 26] 

26 



*^r; = — vjiMg cos ps; ••• (126-1) 



R, k 



b 

**rT; = -j-Mj 2 Mg cos J3S' 2 ••• (126-2) 
R 2 k b 

^rT: = -J-MnAMg cosfiS', ••• (126-3) 
R 3 k b 

^T'^^-^JMS^PS: (126-4) 
R 4 k b 

F' xe =Ma' xc '•• (12 6-5) 

/,+/ 2 +/3+/4=l (126-6) 

4 7 

j^' = Y— 7 1 ' ••• (126-7) 

Expression (126-5) is assigned to expression (126-7) as 
follows : 
[Expression 27] 

T>Kc/t^=MaJ±^ (127) 

If expression (127) is assigned to expressions (126-1) to 

(126-4), simultaneous equations become the following 
expressions : 
[Expression 28] 

^■Ma'j£^ = ±M„fMg™s/3S; (128-1) 
^ ■ Ma' xc I f j ^ = ^-^ n f 2 Mg cos /3S' 2 ••• (128-2) 

R 2 I «=1 K n k b 
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^-Ma'J±^ = ±»J 3 Mg cos fiS' ••• (128-3) 



•Ma^ I j^ = ±vJ A Mg cos J3S' A (128-4) 



/ n=l ^« 

/,+/ 2 +/3+/4=l •■•(128-5) 

If expression (128-1) is transformed to the form 

representing fi using |a n/ it becomes the following expression: 
[Expression 29] 



k / A k 



Likewise, expressions (128-2) to (128-4) are transformed, 
whereby f 2 to f 4 can also be represented using jx n . If (fi to f 4 ) 
are assigned to expression (128-5), the unknown becomes only ji n 
and ii n is found. 

As \i n thus found is assigned to expressions (128-1) to (128-4) , 
the load sharing ratio among the wheels, f x to f 4/ is found. Since 
f n found here is found by assuming that the wheels are equal in 
road friction coefficient, several measurements are conducted 
and are averaged and f n is given as a constant as in the following 
expressions : 
[Expression 30] 

/, = 1 Z/,„ •••(130-1) 

" 71=1 

A=-if 2n •••(130-2) 



77 



»=1 
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/ 3 = 1 Z/ 3 „ — (130-3) 

f*=-lLf*n — (130-4) 

Thus, f n is found. 

Next, using f n , \i lt \x 2r M-3/ and |x 4 are found from expressions 
of replacing \i n in expressions (128-1) to (128-4) with (ii, M-2/ 
(LL3, and . 
[Expression 31] 

M>=Q-aL j-AgcatfiS; ••• (131-1) 

ft^-^/t^T^^ •••(131-2) 
M 2 =^-cc' xc /±^^-f,gcos/3S^ •••(131-3) 

M 4 =^a' xc /±^~/ 4 gcosj3S' A •••(131-4) 

From these expressions, the road friction coefficients of 
the wheels [i lf ]i2, and p. 4 can be found. That is, they are 

found if fi, f 2 , f3/ and f 4 are assigned to the expressions. 

As shown above, at the traveling time in a straight line, 
the road friction coefficient ja n of each wheel and the drive force 
F xn of each wheel can be found using the slip ratio S n of each 
wheel, the longitudinal load F zn imposed on each wheel, and the 
inertial force M a caused by the car body mass M. 
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Next, with reference to FIG. 10, at the curve running time, 
the road friction coefficient [i n of each wheel and resultant force 
Fcon of the drive force F xn and side force F yn can be found using 
output otyn of the acceleration sensor in the lateral direction 
of each wheel attached to each axle unit of the vehicle, the slip 
ratio S n of each wheel, the longitudinal load F zn imposed on each 

wheel, and the inertial force M a caused by the car body mass. 

A method of finding the road friction coefficient for each 
wheel at the curve running time will be discussed. At the curve 
running time, as at the traveling time in a straight line, the 
relational expression of the slip ratio of each wheel and the 
drive force and the equation of motion at the center of gravity 
of the vehicle are set to simultaneous equations, which are then 
solved. To do this, the acceleration at the center of gravity 
is found and further to consider the acceleration at the center 
of gravity, turning radius R rn (n=l, 2, 3, 4, c) of each wheel 
and center of gravity is found for use . To find the turning radius 
R rn , etc., Ackerman theory and formula of circular motion are 
used. The Ackerman theory is a theory indicating that each line 
connecting each wheel and center of gravity and center 0 is 
perpendicular to the traveling direction of each wheel and center 
of gravity. 

From the formula of circular motion, the following 

relational expressions hold for the y-direction acceleration oc yn 
(n=l, 2, 3, 4, c) , the turning radius R rn (n=l, 2, 3, 4, c), and 
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x-direction ground speed V xn (n=l, 2, 3, 4, c) of each wheel and 
center of gravity: 
[Expression 32] 



<*y\ = V x\l R r\ 


(132-1) 


a y2 = ^x2 /^r2 


••• (132-2) 


<Xy 3 =V x \/R r3 


••• (132-3) 


oc yA =V x 2 A /R rA 


••• (132-4) 


<Xyc=Vjc/Kc 


(132-5) 



From these relational expressions, the turning radius R rn 
(n=l, 2, 3, 4, c) of each wheel is found as follows: 
[Expression 33] 





(133-1) 




••• (133-2) 


R*=V? 3 /a yi 


••• (133-3) 


R rA = V xA Ja yii 


••• (133-4) 



Here, a yn is found from the acceleration sensor 221 in the 
y direction (lateral direction) of each wheel and V xn is found 
by performing the above-described calculation from the 
acceleration sensor 221 in the x direction (traveling direction) 
of each wheel and the rotation sensor 222 and therefore R rn is 
found in expressions (133-1) to (133-4). 

Next, the turning radius R rc of center of gravity is found. 
If the center-of-gravity position is assumed and given, the 
turning radius R rc of center of gravity is found geometrically 
from expression (134) givenbelow. In amethodof directly finding 



the longitudinal load on each wheel described later, the 
center-of-gravity position is found by calculation and need not 
be assumed. Here, R r 4 is the distance between the turning center 
and rear wheel 4, T rR is the distance in the lateral direction 
between the center of gravity and the rear wheel, and L r is the 
distance in the longitudinal direction between the center of 
gravity and the rear wheel. 
[Expression 34] 

R rc =J(R r4 +T r J+L 2 r (134) 
From the formula of circular motion, the following 
relational expressions hold for the y-direction acceleration, 

the turning radius R rn , and turning rotation angular speed co 0 
of each wheel and center of gravity: 
[Expression 35] . 

(135-1) 
(135-2) 
(135-3) 
(135-4) 
(135-5) 

The turning rotation angular speed cd 0 shown in the figure 
is a common value to the wheels and the center of gravity and 
therefore expressions (135-1) to (135-4) become as follows: 
[Expression 36] 



a y3 = R r3 col 
a yA =R rA col 

<*yc = Kc^O 



K\ R r2 R r3 Ka 



(136) 
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If this expression is assigned to expression (135-5), the 
y-direction acceleration ct yn of the center of gravity is found 
in the following expression: 
[Expression 37] 



R~ _ R rc R~ 



Ry\ ^ Rr2 



r3 



(137-1) 



(137-2) 



/7=1 



Any term of expression (137-1) may be used and the average 
of the terms may be used as in expression (137-2) . 

Next, the x-direction acceleration a xc of the center of 
gravity is found. The following relational expressions hold for 
the x-direction ground speed V xn , the turning rotation angular 
speed (Do/ and the turning radius R rn of each wheel and center of 
gravity: 
[Expression 38] 

(138-1) 
(138-2) 
(138-3) 
(138-4) 
(138-5) 

If these expressions are differentiated, the following 
result . Here, it is considered that R rn does not change in a minute 
time . 
[Expression 39] 



V x2 = °>0 R r2 



Ka = &oRr4 
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(139-1) 
(139-2) 
(139-3) 
(139-4) 
(139-5) 

Here, the wheels and the center of gravity are equal in 
the turning rotation angular speed eo 0 and angular acceleration 
coo' and therefore expressions (139-1) to (139-4) become as follows: 
[Expression 40] 



",1 = <Rrl 



<* X 3 = VoKs 



K\ R r2 R r3 R rA 



(140) 



If ©o' is assigned to expression (139-5), the x-direction 
acceleration of the center of gravity is found as follows: 
[Expression 41] 



a. 



R 



R. 



R, 



R, 



R 



r2 



R 



r3 



■a 



xA 



(141-1) 



(141-2) 



At this time, any term of expression (141-1) may be used 
and the average of the terms may be used as in expression (141-2) . 

Thus, the x-direction acceleration and y-direction 
acceleration of the center of gravity, ot xc and a yc , are found. 
At the curve running time, the relational expression of the slip 
ratio S n and the drive force F xn of each wheel and the equation 
of motion of the vehicle at the center of gravity and further 



simultaneous equations to which a moment balance expression around 
the turning center is added are solved, whereby the road friction 
coefficient of each wheel is found. The method is as follows: 
At the curve running time, generally the following 
expressions also hold for the drive force F xn acting in the x 
direction of each wheel, the slip ratio S n , the road friction 
coefficient \i n , the longitudinal load F xn of each wheel, and the 
road gradient angle 0: 
[Expression 42] 

Fa=VK'thF*S x ••• (142-1) 

F*=y*>fhF*'S 2 (142-2) 
F x3 =yk bM3 F 23 S 3 •.. (142-3) 

F X A=VKM*F tA S A (142-4) 
Considering the inertial force caused by the vehicle weight 

M, the equation of motion at the center of gravity of the vehicle 

is represented by the following expression: 
[Expression 43] 

F xc =M(a xe +gsinj3) ••• (143) 

If run resistance of air resistance, etc., is set to R w 

and is added to the equation of motion, the expression becomes 

as follows: 
[Expression 44 ] 

F xc =M(a xc +gsmj3) + R„, (144) 
If this expression is differentiated, the constant term 

R w disappears. Assuming that the road gradient angle P does not 



change in a minute time, the gravity component also disappears 
as in the following expression: 
[Expression 45] 

F' xc =Ma' xc ■•• (145) 

If expressions (142) are differentiated with respect to 
the time, they become the following expressions. Here, it is 

assumed that |i n , F zn , and P do not change in a minute time. 
[Expression 46] 

F^w/ws; ••• (1^6-1) 

K 2 =Vk b -ju 2 F, 2 -S' 2 ••• (146-2) 

F; 3 =l/k b - M3 F, 3 -S; ••• (146-3) 

F; 4 =l/V/W^ (1^6-4) 
At the curve running time, moment balance around the turning 
center is considered and its expression is added to simultaneous 
equations. That is, the sum total of the products of the drive 
force F xn and the turning radius R rn of each wheel equals the product 
of the drive force F xc of the vehicle and the turning radius R rc 
of the center of gravity and therefore the following expression 
holds : 
[Expression 47] 

Expression (147) is transformed. 
[Expression 48] 

K^ + F^ + K^ + K^^Kc •••(148) 

K rc K rc K,-c K rc 
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In expression (148), if R r i/Rrc=hi/ Rr2/Rrc=h 2 , R r3 /Rrc=h3, 
Rr4/Rrc=h 4/ are set and power vector ratio is set, the following 
expression results : 
[Expression 49] 

W x ,+h 2 F x2 +h 3 F x3 +h A F xA =F xc (149) 
Expression (149) is differentiated with respect to the time . 
Here, it is assumed that the power vector ratio does not change 
in a minute time. 
[Expression 50] 

(150) 

At the curve running time, in addition to the relational 
expression of the drive force F xn and the slip ratio S n of each 
wheel (expression (146)) and the equation of motion at the center 
of gravity (expression (145)), if simultaneous equations with 
the moment expression around the turning center (expression (150) ) 
are solved as shown below, the road friction coefficient of 
each wheel is found: 
[Expression 51] 



F; 4 =l/k b -M 4 F s4 -S' A 
K -Ma' xc 



(151-1) 
(151-2) 
(151-3) 
(151-4) 
(151-5) 
(151-6) 



A method of solving expression (151) and finding the road 



friction coefficient \x n of each wheel is shown below. 

To begin with, if it is once assumed that the four wheels 
are equal in road friction coefficient, and the road friction 
coefficient is set to |im, expressions (151) become as follows: 
[Expression 52] 

K=Vh-M m F«S[ ••• (152-1) 

F^=\/h- Mm F l2 S' 2 ••• (152-2) 

K^VK-V^-S', (152-3) 
FU=VK-t* m F,<S' A (152-4) 
F^ c =Ma' xc ■■■ (152-5) 

Next, the load sharing ratio f n of each wheel is used. 
Considering that the load sharing ratio is a constant in a minute 
time and F 2n = fnMg-cosP and therefore the following expressions 
result: 
[Expression 53] 

K = l/k b - Mm f } Mg- cos fi-Sl (153-1) 
F; 2 =l/k b - Mm f 7 Mg-cos/3S' 2 ••• (153-2) 

F; s = 1/V M m f 3 Mg- cos J3S' 3 (153-3) 
FU=\/K-M m fMgcosfiS' A (153-4) 
F' xc =Ma' xc ••• (153-5) 

V^+V^+V^+V^^, (153-6) 

Using the torque distribution ratio kd n of the ratio of 
distributing torque T c of the running gear to the wheels, the 
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following relations hold: 
[Expression 54] 
T,=kd } T e 
T 2 = kd 2 T e 



T 3 = kd 3 T e 



(154-1) 
(154-2) 
(154-3) 
(154-4) 
(154-5) 



T A = M A T C 

kd x + kd 2 +kd 3 + kd A = 1 
Since the torque T n of each wheel is the product of the 
drive force F xn and the tire real radius R of each wheel, the 
following expressions hold: 
[Expression 55] 

T y =F X} R 1 •" (155-1) 

••• (155-2) 
••• (155-3) 

T A = F xA • R A ••' (155-4) 

Therefore, using the torque T n of the running gear, the 
drive force F xn of each wheel is represented as follows: 
[Expression 56] 

F x2 =k d2 -TJR 2 (156-2) 

••• (156-3) 



T 2 =F x2 -R 2 



T 3 ~ F x3 ■ R 3 



F x3 =k d3 -TJR 3 
F x4 =k d4 -TJR 4 



(156-4) 



Next, expressions (156) are differentiated. Here, it is 
assumed that K dn and R n do not change in a minute time. 
[Expression 57] 
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F; 2 =k d2 /R 2 -r; ••• (157-2) 

F; 3 =k d3 /R 3 T; "• (157-3) 

K 4 =k d jR A -T; (157-4) 
If the expressions are assigned to the simultaneous 

equations of expressions (153), the following result: 
[Expression 58] 

Kj^-T; = yk b - Mm f } Mgcos/3S; (158-1) 

k a2 /R 2 -T: = l/k b - Mm f 2 Mg-cosj3-S 2 ••• (158-2) 

KjR i T' = \/k b - Mm f 3 Mg- cos fi-S' 3 ■■■ (158-3) 

**J**-T , .=VK-/'mfM8"X»fi-S< "' d58-4) 

K= M <c "" (158-5) 

K = ^KJ^ <+\ -k d2 /R 2 -r;+h 3 k d3 /R 3 -T'+h A -k d jR A -r: 

••• (158-6) 

/i+/a +/,+/,=! (158-7) 
From expressions (158-5) and (158-6), Tc' is represented 

as follows: 
[Expression 59] 

T:=Ma'J±(h n kjR n ) (159) 

/ n=l 

If expression (159) is assigned to expressions (158-1) to 
(158-4), the vehicle weight M disappears on both sides and 
simultaneous equations are represented as follows: 
[Expression 60] 
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{h n kjR tt )=l/k bMm f l g C os/3S' 



(160-1) 



/ n=l 



X • K n /R n ) = \/k b ■ Mm / 2 g ■ cos fi ■ S; 



(160-2) 



/ n=l 



'& ■ K /R n ) = \/k b ■ Mm f 3 g cos/3- Si 



(160-3) 



k d jR A -a'J±() 



\K ■ kjR n ) = \/k„ ■ Mm f 4 g cos/3- S' 4 



(160-4) 



/, +/ 2 +/ 3 +/4 =1 



(160-5) 



If expressions (160-1) to (160-4) are transformed, f n is 
represented as follows: 
[Expression 61] 



They are assigned to expression (160-5) to find |a m . Then, 
the found value of u m is assigned to expression (161) to find 
the load sharing ratio f n of each wheel. The found load sharing 
ratio f n is assigned to simultaneous equations. 

Since the unknown is only U™ in the following expressions, 
the road friction coefficient of each wheel can also be found 
at the curve running time: 
[Expression 62] 




■ju m gcos/3S' n ) ••• (161) 




(162-1) 
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*«/*a •a l Jt,fa-kjR.) = y* t -M 2 fig-«»fi-X * * * (162-2) 

/ n=] 

k* Mb " <J Z (*■ ■ ** ) = V** ^/s^ • cos fi (162-3) 

/ n=1 

*, 4 /* 4 ■a'Jf / (h n -kjR n )=yk b - M4 / 4 g. cos fi S' 4 ■ ■ • (162-4) 

/ n=l 

Next, the relational expression of the drive force F xn and 
the slip ratio S n of each wheel will be discussed. In the method, 
to find the road friction coefficient of each wheel, it is assumed 
that the drive force F xn of each wheel is proportional to the 
slip ratio S n ; in fact, however, it is considered that the drive 
force (braking force) F xn fluctuates like a curve relative to 
fluctuation of the slip ratio S n , as shown in FIG. 11. When the 
slip ratio S n is 0, 1 to 0, 2, the drive force indicates the maximum 
value. When the slip ratio S n is beyond the range, the drive 
force decreases and each wheel actually starts to slip. As the 
slip ratio S n increases, the drive force F xn of each wheel increases 
almost linearly a little before each wheel actually slips. In 
the method, the gradient is set to l/k b as a constant determined 
by the rubber material of the tire, the treadpattern, the structure, 
etc. As S becomes large, the gradient a little changes; in the 
method, however, both F xn and S n are differentiated and therefore 
it is considered that a line results instantaneously and an error 
is small. 

To find the relationship between F xn and S n more precisely, 
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a method of storing the relationship between the drive force F xn 
and the slip ratio S n , F xn /F xn Hn = f (S„) in memory as data is 
also available as an alternative method. In this case, the drive 
force F xn and the slip ratio S n are represented by the following 
relational expression : 
[Expression 63] 

F m = M^tej "' (163) 

Also in this case, as with the case where linear 
approximation is conducted, if differentiation is performed and 
simultaneous equations are solved, the road friction coefficient 
of each wheel can be found. 
[Expression 64] 

Fla =MiF, 7 f\s 2 ) 
F* =M 3 F, 3 f[s 3 ) 
FU=V*F t J\ss 
F' =Ma' 

xc xc 

At this time, to find differentiation of f (S n )/ f f (S n ) / 
Af (S n ) of difference of f (S n ) at minute time interval At is 
found and is divided by At, for example, as represented by the 
following expression : 
[Expression 65] 

f ,_ fo»„A,)-f(^) _^f^) ... ( 165 ) 

( n) At At 

It is better to store the drive force F xn for a larger number 
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(164-2) 

(164-3) 

(164-4) 
( i a a _ c"* 



of pieces of data of the slip ratio S n ; otherwise, linear 
interpolation or interpolation like a curve may be performed, 
as shown in FIG. 12. Specifically, the slip ratio at which a 
wheel will start to slip is about 0.1 to 0.2 and thus the slip 
ratio S is divided into 200 to 500 points and F x /F z \i corresponding 
to each of the points is stored. At this time, if two bytes are 
required for storing one point, all data can be stored in memory 
of 0.4K to IK bytes; the precise relationship can be found at 
high speed with memory of a very small capacity. 

Next, fluctuation of the longitudinal load F zn of each wheel 
will be discussed. 

The road friction coefficient is found by assuming that 
the longitudinal load of each wheel and the center-of-gravity 
position are constant; in fact, however, the longitudinal load 
fluctuates because of any of the following causes, etc.: 

1. Back-and-forth longitudinal load move of car body caused 
by pitching; 

2. Side-to-side longitudinal load move of car body caused by 
rolling; 

3. Longitudinal load move caused by reaction moment of drive 
force; 

4 . Longitudinal load move when suspension acts because of 
uneven spots on the road surface, etc. 

The center-of-gravity position of the vehicle also moves 
with fluctuation of the longitudinal load F xn of each wheel and 
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needs to be corrected. However, the need for correction is 
eliminated in a method of directly measuring F xn for use (described 
later) . 

Correction methods of the longitudinal load and the 
center-of-gravity position are shown below. 

The load sharing ratio is corrected considering the 
fluctuation of the longitudinal load of each wheel mentioned above 
is corrected and again shown below. 

Simultaneous equations are solved to find the road friction 
coefficient . 

[Expression 66] 
(At the traveling time in a straight line) 




(166-1) 




(166-2) 




(166-3) 




(166-4) 



[Expression 67] 



(At the curve running time) 




(167-1) 



45 



th = *« /*. ■ a J £ (K ■ k dn /R n ) ■ UK ■ f 2 g ■ co s fi ■ S' 7 • • • (167-2) 

/ n=l 

M 3 =KjR 3 -a'J±(h n .kjR n y\/k b .f 3 g. cos fi-S' 3 ' • • (167-3) 

/ »=1 

/i 4 = k M /R A -aJz (h„ ■ k dn /R„ ) ■ \/k b ■ f 4 g ■ co s fi -S' A • • • (167-4) 

/ n=l 

As calculation is repeated more than once (for example, 
three times or so) for convergence, the accuracy of |i n can be 
enhanced . 

Next, the specific correction methods of the longitudinal 
load are shown for the cases described above. 

1. Back-and-forth longitudinal load move caused by pitching 
As shown in FIG. 13, letting the center-of-gravity height 
be H c/ the wheel base be W b , and the acceleration contributing 
to pitching be a pc , from the moment balance, the back-and-forth 
longitudinal load move caused by pitching, AF zp is found from 
the following expression. Here, H c and W b are known values and 
how to find oc pc is described later. 
[Expression 68] 

Ma pc H c = AF 2p W b ••■ (168) 

Expression (168) is transformed: 
[Expression 69] 

AF ip =Ma pc H c /W b (169) 
Change of the back-and-forth load sharing ratio caused by 
pitching, Af p/ is found by dividing AF zp found in expression (169) 



by the vehicle weight M and thus becomes as in the following 
expression : 

[Expression 70] 

Af p =AF sp /M = a pc H c /W b (170) 
At the acceleration time (when a pc is a positive value) , 
the absolute value of Af p is subtracted from the front wheel and 
is added to the rear wheel for correction. In contrast, at the 
deceleration time (when a pc is a negative value), the absolute 
value of Afp is added to the front wheel and is subtracted from 
the rear wheel for correction. Considering the sign of Af p , 
correction may be made according to the following expressions 
at the acceleration time and the deceleration time: ( F n 1 is a 
value before correction.) 

[Expression 71] 
(Front wheel) 

/,=/,'- A/, (171-1) 
/ 2 =/ 2 '-A/„ (171-2) 
(Rear wheel) 

/i-/,' + 4f, ••• (171-3) 

•" d7i-4) 

2. Side-to-side longitudinal load move caused by rolling 

As shown in FIG. 14, letting the center-of -gravity height 
be H c , the wheel red be T r , and the acceleration contributing 
to rolling be a rC / from the moment balance, the side-to-side 
longitudinal load move caused by rolling, AF zr is found from the 



following expression. Here, H c and T r are known values and how 

to find ct rc is described later. 
[Expression 72] 

Ma rc H c =AF tr T r •■• (172) 

If expression (172) is transformed, AF 2r is found from the 
following expression : 
[Expression 73] 

AF 2r =Ma rc H c /T r ••• (173) 

Change of the load sharing ratio of the left and right wheels 
caused by rolling, Af zr / is found by dividing AF 2r by the vehicle 
weight M and is found as in the following expression: 
[Expression 74] 

Af r =AF zr /M = a rc HjT r ••• (174) 

If positive and negative of the x and y directions are 
determined as shown in FIG. 15, when the vehicle curves in the 
right direction, a rc becomes a positive value and the absolute 
value of Af zr is added to left wheels 1 and 3 and is subtracted 
from right wheels 2 and 4 for correction. 

In contrast, when the vehicle curves in the left direction, 
a rc becomes a negative value and the absolute value of Af zr is 
subtracted from left wheels 1 and 3 and is added to right wheels 
2 and 4 for correction. Considering the sign of Af zr , the change 
of the load sharing ratio caused by rolling may be corrected 
according to the following expressions when the vehicle curves 
in the left direction and in the right direction: f n ! is the 
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load sharing ratio of each wheel before correction. 

[Expression 75] 
(Left wheels) 

/,«/,'+ 4k ••• (175-1) 

/,=/,' + 4k (175-2) 
(Right wheels) 

/ 2 =/ 2 '-A/„ (175-3) 
/ 4 =/ 4 '-A/„ ••• (175-4) 

3. Back-and-f orth longitudinal load move caused by reaction 
moment of drive force 

As shown in FIG. 16, the longitudinal load move of each 
wheel is also changed by the reaction moment of the drive force 
acting on each wheel . For example, longitudinal load F 2i of wheel 
1 is decreased by the reaction moment of drive force F xi (AFi, 
i), and is increased by the reaction moment of drive force F x3 
acting on wheel 3 (AFi # 3 ) . Considering the moment balance, the 
following expressions hold among AF 1# lf AF lt 3 , the real radius 
Ri of wheel, and the wheel base W b : 
[Expression 76] 

= W h • AFj, (176-1) 
^*3**3 = ^*AF U (176-2) 
If expressions (176) are transformed and the relation of 

F xn = Mot xn is used, 
[Expression 77] 

*F»=F x ,-RjW b =Ma x ,RjW b ■■■ (177-1) 



AF h3 =F x ^R 3 /W b =Ma x3 ^R 3 /W b •■■ (177-2) 

The value found in expression (177) is dividedby the vehicle 

weight M and is added to, subtracted from load sharing ratio fi 1 

before correction, whereby correction of the back-and-f orth load 

sharing ratio based on the drive force reaction of wheel 1 is 

made as in the following expression: 
[Expression 78] 

/^//-AF^/M + A^ ••• (178) 

Likewise, correction of the back-and-f orth load sharing 

ratio based on the drive force reaction of each wheel is made 

as in the following expressions: 
[Expression 79] 

A=f;-{cc x , R i -a x3 -R,)/W b (179-1) 
A=/;-(cc x7 -R 2 -cc x4 R 4 )/W b ••• (179-2) 

f*=fl-{<* x3 -R 3 -cc«-R,)/W b ••• (179-3) 

f 4 =/;-(a x4 -R 4 -a x2 -R 2 )/W b ••• (179-4) 

4 . Change of longitudinal load caused by uneven spots on road 

surface, etc. 

As shown in FIG. 17, when the vehicle passes through uneven 
spots on the road surface, etc., the suspension acts and thus 
the longitudinal load of each wheel fluctuates. In this case, 
z-direction (longitudinal direction) acceleration sensor 221 is 
attached to each wheel for detecting z- (longitudinal) direction 
acceleration a 2n caused by uneven spots on the road surface, etc . , 
and integration is performed twice in a minute time to find z- 
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(longitudinal) direction displacement e 2 of each wheel. 
[Expression 80] 

e z = \\a t dt ••• (180) 

The displacement e 2 found in expression (180) is multiplied 
by spring constant k of the suspension to find longitudinal load 
change AF 2e of each wheel as in the following expression: 
[Expression 81] 

AF = ke M (181) 

cz z 

AF ez thus found is added to or subtracted from the 
longitudinal load of each wheel before correction for correction: 

Next, a method of finding the acceleration a rc , a pc 
contributing to pitching, rolling will ;be discussed. 

To find the longitudinal loads of each wheel caused by 
pitching and rolling, traveling direction acceleration of the 
center of gravity, a xc , and lateral direction acceleration a yc 
need to be converted into the pitching and rolling directions, 
as shown in FIG. 18. Here, the acceleration of the center of 
gravity is found according to expression (137), expression (141), 

etc. If turning time angle 0 C = 0, the traveling time in a straight 
line can be considered like the curve running time. Here, the 
turning time angle 9 C refers to the angle difference between the 
center-of-gravity traveling direction and the car body direction 
and is found from the following expression: 
[Expression 82] 
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At this time, the pitching acceleration a rC / the rolling 
acceleration a pc is found in the following expression from the 
center-of-gravity acceleration a xc , d yc , and 0 C : 
[Expression 83] 

=<*<*• + «n 6 C (183-1) 

a* =a iy cos0 c +a ex sm0 c ••• (183-2) 

a rC / a pc thus found is assigned to expression (170), (174) 
and correction to the change of the load sharing ratio caused 
by pitching, rolling is made. 

Next, correction of the center-of-gravity position will 
be discussed. 

As described above, the load sharing ratio subjected to 
correction of each wheel is found and thus the center-of-gravity 
position of the vehicle is found. A method of correcting the 
center-of-gravity position is as follows: Here, 
center-of-gravity distribution ratio L n is used. The 
center-of-gravity distribution ratio has the following 
relationship with the load sharing ratio, as shown in FIG. 19: 
[Expression 84] 

i fll :A, 2 =-:4- (184-1) 



2 



4, 3 :4 4 = — = 4- (184-2) 
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L L =— — ••• (184-3) 



-'b) ' ^b3 



/, fi 



3 



L„ :L bA = — :— (184-4) 

J 2 J A 

Points A, B, C, and D in FIG. 19 are found from the 
cent er-of -gravity distribution ratio L n . The intersection point 
of the two lines connecting A and C and B and D is found as the 
center of gravity- Thus, the cent er-of -gravity position can also 
be corrected. 

Next, a measurement method of longitudinal load will be 
discussed . 

So far the longitudinal load of each wheel is found from 
calculation using the load sharing ratio. However, if the load 
is measured on a pan section, etc., of the suspension, the 
longitudinal load of each wheel is found with higher accuracy 
and thus the road friction coefficient of each wheel is found 
with high accuracy. 

(1) Method of measuring load on pan section (which may be disk 
or ring) of spring of suspension 

1 . Measuring method with load cell 

2 . Method of filling a can with oil, placing a spring reception 
plate on a lid of the can, attaching a pressure sensor to the 
can, and measuring oil pressure 

3. Method of placing a spring pan at the center on a metal 
disk supporting the circumference, abutting a projection of a 
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pressure sensor against a part below the center on the metal disk, 
giving displacement to the projection, and measuring as pressure 
4 . Method of sandwiching pressure sensitive conductive rubber 
between metal and metal each shaped like a donut shaped like a 
horizontal U letter in cross section, placing a spring pan thereon, 
and measuring distortion of the rubber in the electric 
conductivity of the rubber 

(2) Method of measuring displacement of spring of suspension 

1. Method of measuring resistance change with a slide 
resistance displacement gage placed in parallel with a shock 
absorber 

2. Method of winding coil around the inside or outside of a 
shock absorber and measuring change of inductive resistance 
(inductance) between the coil and a piston rod going in and out 
of the coil 

3. Method of measuring the move amount in hole element with 
a magnetic linear encoder contained in a piston rod of a shock 
absorber 

In the method of measuring displacement of spring of 
suspension, the value provided by multiplying measured 
displacement e 2 by spring coefficient k 2 is the load. 

(1) 2. Measurement method of longitudinal load using a pressure 
sensor particularly among the measurement methods of the 
longitudinal load of each wheel described above is as follows: 

Specifically, as shown in FIGS. 20 and 21, a donut-shaped 
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can 250 with a diaphragm lid on the top is filled with oil, a 
pressure sensor 252 is attached to a side of the can, and a load 
reception plate 251 is placed on the can. The donut-shaped can 
250 is placed on a pan section 254 of a suspension 253 and load 
can be measured from output of the pressure sensor 252. The 
donut-shaped can 250 is threaded as a screw 255 for the pressure 
sensor and oil is filled therethrough and then the pressure sensor 
252 is attached. In the load measurement method, the load 
reception plate 251 exists over the full periphery and thus if 
offset load exists, the total value of the longitudinal loads 
can be measured. If the donut-shaped can 250 is formed with a 
step, the load reception plate 251 is fitted and becomes stable. 
Letting the area of the load reception plate 251 be S and the 
measurement value of the pressure sensor 252 be P, longitudinal 
load F 2sn is found in the following expression: 
[Expression 85] 

/r =SP (185) 
Any of the following sensors can be used as the pressure 
sensor 252 used with the method: 

1. Vehicle-installed pressure sensor manufactured by Nagano 
keiki kabushikikaisha 

This pressure sensor manufactured by Nagano keiki 
kabushikikaisha is used for a pressure sensitive part formed with 
a distortion gage by plasma CVD on a metal diaphragm through an 
insulating film and is excellent in durability and stability. 



The metal diaphragm is welded to the main body in one piece and 
thus is fitted for a vehicle-installed part . Further, the metal 
diaphragm is excellent in vibration resistance and shock 
resistance because it does not contain any moving part. It can 
also be miniaturized as the minimum 5 mm and is inexpensive and 
thus is used as a brake liquid pressure measurement sensor of 
each wheel or an automobile engine . (Reference patent document : 
JP-A-2002-168711) 

2. Pressure sensor manufactured by kabushikikaisha Denso 

This pressure sensor manufactured by kabushikikaisha Denso 
uses a sensor element having a diffused resistor formed in a thin 
diaphragm part provided by working silicon. It is a linear output 
pressure sensor having a wide use temperature range of -30°C to 
120°C, containing a temperature compensation circuit, and 
involving electromagnetic wave countermeasures . The 
measurement pressure range is 7 Mpa, which is larger than the 
possible maximum pressure 5 Mpa received by a suspension pan 
section to which the pressure sensor is attached. As application 
examples to automobiles, the pressure sensor is used for 
refrigerant pressure measurement of an air conditioning system, 
pressure measurement of a suspension system, etc. 

Next, a direction of finding the longitudinal load of each 
wheel from the direct measurement value of load on the pan section 
of each suspension is shown. The method is shown with reference 
to FIG. 22 by taking the left and right front wheels as an example. 
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As shown in FIG. 22, T r , f , L f , and G sf are taken and the 
load measurement value on the suspension pan section of wheel 
1 is F 2s i and the load measurement value on the suspension pan 
section of wheel 2 is F zs2 . The left and right are considered 
to be symmetrical. At this time, as the load F 2sl/ the load 
proportional to the reciprocal of the distance from the action 
point is distributed to sprung loads F zb i and F 2b 2 received by wheels ' 
1 and 2 . 

That is, the load is distributed in proportion to the 
reciprocal of AB:BD in FIG. 22. Likewise, as the load F 2s2/ the 
load proportional to the reciprocal of AC : CD is distributed to 
wheels 1 and 2 and therefore F 2bi and F 2b2 in FIG. 22 are found 
according to the following expressions considering 0 sf : 
[Expression 86] 

F M = F Z5 , • cos^ TrJ ~ Lf + F £S2 ■ cosfl, ^- (186-1) 

F zb2 = F a2 • cos^ + F zs2 • cos0 sf \~ Lf ■•• (186-2) 

Likewise, for the rear wheels, F 2b3 and F zb4 are also found 
from the following expressions: 
[Expression 87] 

^3=^3-cos^^^ + F„ 4 cos^^- ... (187-1) 

■* r t r * r,r 

^M=^-cos^^ + F„ 4 -cos^^^ ••• (187-2) 

r,r r,r 
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Further, unsprung load W s i n is added and the longitudinal 
load F zn of each wheel is found in the following expressions: 
[Expression 88] 

F«=F m +W m •'• (188 ~ 1) 

F s2 =F sb2 +W sl2 (188-2) 
F*=F M +W M (188-3) 
F 2A =F zbA +W s]A (188-4) 
As an alternative method, considering the correlation among 
the four wheels, the load measurement on the suspension pan section 
F zsn and the sprung load F zbn of each wheel are represented by the 
following expressions using correction coefficient C m , n ( m / n 
= 1, 2, 3, 4) : 
[Expression 89] 

F m = Q A F ul + C 2 ,F„ 2 +C W F„ S + C 4 ^ w4 ■ • • (18 9-1) 

F 2b2 = C h2 F Z5] + C 2 , 2 F„ 2 +C„F lrt + C„F Jf4 • • • (189-2) 

F 2b3 = + C 2 . 3 F„ 2 +C3 3 F rt + C 4 . 3 i^ 4 • • • (189-3) 

^4 = C h4 F zs} + C 2 . 4 F„ 2 + C 3>4 K, 3 + C 4>4 F a4 • • • (18 9-4) 

A method of finding the correction coefficient C m , n at this 
time is shown below with reference to FIG. 23. 

To begin with, in a state in which each wheel receives only 
the load of the vehicle weight, constant load AF zsn is added to 
the suspension sections in order and load fluctuation of each 
wheel is measured . For example, when AF zs i is added to front wheel 
left suspension 1, if it is considered that the load of suspension 
1 is AF 2s i, relatively it can be considered that the load of 
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suspension 2, 3, 4 is zero. Therefore, F zsl = AF zs i and F 2s2 = F 2s3 
= F zs4 = 0 in expressions (189) and the correction coefficients 
Ci, i, Ci, 2/ Ci, 3 , and Ci, 4 are found. 

Likewise, if the load AF zsn is added to suspension 2, 3, 
4, the correction coefficient C m , n is found. 

To find the correction coefficient with higher accuracy, 

if 16 different loads AF zsn are appropriately added to the 
suspension, simultaneous equations made up of 16 expressions are 
formed and therefore 16 correction coefficients C m , n are found. 

Thus, if the values of C m , n are stored, the sprung load 

F zbn of each wheel is found from the measurement load AF 2sn on the 
suspension pan section and further the unsprung load W sln is added 
and the longitudinal load F 2n of each wheel is found as in the 
following expressions : 
[Expression 90] 

^,=^,+^7, (l^O-l) 

F,2=F*2+W sn (190-2) 

^3=^*3+^73 (190-3) 

F,a=F*4+W sIA (190-4) 
If the longitudinal load F zn of each wheel is found from 
the measurement load on the suspension section, the road friction 

coefficient \i n of each wheel can also be found using the found 
longitudinal load F zn imposed on each wheel, the slip ratio S n 

of each wheel, and the inertial force Ma caused by the car body 
mass M at the traveling time in a straight line. At the curve 



running time, if the y- (lateral) direction acceleration a yn 
detected by the acceleration sensor in the lateral direction of 
each wheel is further used, the road friction coefficient of each 
wheel can be found . Specifically, the road friction coefficient 
of each wheel can also be found by solving the following 
simultaneous equations: 
[Expression 91] 

F*=T-M*F«'<*>*fi-S[ ••• (191-1) 

F; 2 = ^-m 2 F 22 - cos /3 -S 2 ••• (191-2) 

F; 3 =^-m 3 F^ cosJ3 Si ••■ (191-3) 

K 

F; a =-1- M4 F, 4 - cos J3S' A ••• (191-4) 

K 



F; e =Ma'„ ■■■ (191-5) 

h,F;,+h 2 F; 2 +h 3 F: 3 +h 4 F; 4 =F^ . (191-6) 
At the traveling time in a straight line, the sum of h n 
in expression (191-6), 
[Expression 92] 

becomes 1. 

The drive force F xn and torque T n of each wheel have the 
following relationship using the real radius R n : 
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[Expression 93] 

If expression (192) is differentiated, it becomes the 
following expression : 
[Expression 94] 

Using the torque distribution ratio k dn / the torque T n of 
each wheel is represented using the torque T c of the running gear 
as follows: 
[Expression 95] 

T n =k dn T e (194) 
If expression (189) is differentiated, it becomes the 
following expression : 
[Expression 96] 

r n =KX ••• (195) 

From expressions (188) and (190), F xn T can be represented 
by the following expression: 
[Expression 97] 

f' =^r (196) 

If this expression is assigned to expression (186-6), the 
following expression results: 
[Expression 98] 
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4 k . h 

p ~c ' xc 



^ dn '" jl t > = f" ... (197) 



Therefore, 
[Expression 99] 

T' c = 1/X — ' ^ • F' xc ••• (198) 

If the expression is assigned to expression (191) and 
expression (186-5) is used, F xn 1 of each wheel can be represented 
by the following expression: 
[Expression 100] 

F; n =k dn /R„/±^-^-Ma' xc ••• (199) 

M in expression (194) is found according to the following 
expression : 
[Expression 101] 

M = Y j F zn ••• (200) 

Thus, theunknown is only |a n in expressions (186-1) to (186-4) 
and therefore the road friction coefficient of each wheel is found 
in the following expression: 
[Expression 102] 

M n =kjR n /±^^-Ma' xc /\/k b .F :n -cos^.S n ••• (201) 

If the longitudinal load F 2n of each wheel is found from 
the measurement load on the suspension section, F xn and F yn of 
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each wheel are found with higher accuracy using the acceleration 

(Xxn and the acceleration a yn of each wheel as follows: 
[Expression 103] 
p 

F =— a ••• (202-1) 

8 

p 

F =-^a ••• (202-1) 

yn ^ yn 

If the load on the suspension section is measured, the 
fluctuation of the longitudinal load caused by rolling, pitching, 
reaction moment of drive force found by calculation is contained 
in the measurement value and therefore it is made possible to 
find the road friction coefficient with higher accuracy. Further, 
in this case, it is made possible to always find the 
center-of-gravity position with higher accuracy by solving the 
following expressions with f n in expression (184) replaced with 

[Expression 104] 

L oi :L o2 =-±r:-±- ••• (202-11) 

L a ,:L oA = — :— ••• (202-12) 

K-L„=-±-.±- (202-13) 

L b2 :L bA =-L:-L ••• (202-14) 

^ i2 r4 
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Next, a control method will be discussed. 

To begin with, the control method at the traveling time 
in a straight line is as follows: At the traveling time in a 
straight line, the limit slip ratio can be found (predicted) and 
brake control of ABS , etc., and drive force control of TCS, etc., 
can be performed. 

Here, the limit slip ratio is the slip ratio at which each 
wheel slips. 

As shown in FIG. 24, if S is small in the F x -S characteristic 
drawing, F x increases almost linearly with an increase in S and 
then increases moderately, indicates the maximum value, and 
decreases . 

S when F x indicates the maximum value is the limit slip 
ratio. If S is greater than that, it indicates a slip state. 

Thus, the gradient of the F x -S curve is measured and control 
is performed so that the limit slip ratio is not exceeded. 

Specifically, the gradient of the F x -S curve is measured, 
namely, is measured. If the slip ratio S is small, the value 
is almost constant; when the slip ratio S becomes large and 
approaches the limit slip ratio, dF x /dS lessens. Thus, the value 
of 1/2, 1/3, 1/5, 1/10, 1/20, etc., of the value of dF x /dS, for 
example, as compared with the preceding calculation value is 
preset and when the value becomes the setup value, the brake, 
the engine throttle, or the like is opened/closed, etc., for 
control . 
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If the limit slip ratio is obvious, the above-described 
control may be performed so that the slip ratio S does not exceed 
the limit slip ratio. 

Next, a stability control method at the curve running time 
is as follows: 

At the curve running time, side force F gn also acts in the 
lateral (g) direction of the wheel and thus the wheels cannot 
directly be controlled and therefore prediction is conducted and 
each wheel is prevented from slipping. 

As the method, for example, time increase ratio dFw/dt of 
force Fw acting on each wheel is measured and the force acting 
in several seconds is predicted. If the force is larger than 
the forceby which each wheel slips, thebrake, the engine throttle, 
or the like is opened/closed, etc., for control. 

A specific method is as follows: 

To begin with, the rule of a friction circle is shown. The 
rule of a friction circle holds at each wheel and indicates the 
relationship between resultant force F wn of the drive force F xn 
of each wheel and side force F yn and slit limit force F in , as shown 
in FIG. 25. That is, when F w becomes larger than the friction 
circle with radius F ln , the wheel starts to slip. Here, the force 
Fin where each wheel starts to slip is found in the following 
expression: 
[Expression 105] 

Fin ~ M„F !n ' cos P - M„f,MS ' cos fi "' ( 203 ) 
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On the other hand, the force acting on each wheel is 
represented as follows: The drive force F xn acting in the x 
direction is found in the following expressions: 
[Expression 106] 

F x} =±MiF,rSi=i-MJMg-™s/3-S, ••• (204-1) 

F X2 =± M2 F, 2 .S 2 =j-M 2 f 2 MgcospS 2 •■• (204-2) 

Kb Kb 

F x3 = ±- MsF i3 -S 3 =^M 3 f 3 Mg- cos fi-S 3 ••• (204-3) 

Kb 

F„=-£-ju 4 F, 4 -S A =-±-fi 4 fJtg-co8fi-S 4 "' (204-4) 

*b *b 

The side force F yn acting in the y direction of each wheel 
is found from the following expressions: 
[Expression 107] 

F y\ =f\ a yM (205-1) 

F y2 =f 2 a y2 M (205-2) 
F y2 =M y3 M (205-3) 
F y4 =f 4 a y4 M ••• (205-4) 

Therefore, the resultant force F„ acting on each wheel is 
found from the following expression: 
[Expression 108] 



F m = JfITfJ = j[^M n f n g ■ cos/? • S n j + {f n aj M •••(206) 
Thus, the resultant force F wn of each wheel (vector sum of 



the drive force F* n and the side force F yn ) is found using the 
slip ratio S n of each wheel, the longitudinal load F zn , and the 
y- (lateral) direction acceleration a yn . Since no force is 
received in the y- (lateral) direction at the traveling time in 
a straight line, the resultant force F wn and the drive force F xn 
become equal and the y- (lateral) direction acceleration a yn need 
not be used. If a yn = 0, the resultant force F wn of each wheel 
may be found using expression (106) . 

As is obvious from the rule of a friction circle, if the 
resultant force F wn is Fin or less at each wheel, the wheel does 
not slip. Therefore, when the following expression holds, each 
wheel does not slip: 
[Expression 109] 



f n and M exist on both sides of expression (202) and thus 
when f n and M disappear and the following expression holds, the 
wheel does not slip: 
[Expression 110] 



At the curve running time, control is performed so that 
expression (203) holds, A specific method is as follows: 

As shown in FIG . 26, measurement of (dF wn /dt) (T ij is conducted 
at time T a and force F wn(T2 ) acting on each wheel at time T 2 in 




(207) 




(208) 
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t seconds (for example, 0.5 seconds, 1 seconds, 2 seconds) is 
predicted as in the following expression: 
[Expression 111] 



When F wn(T2 ) > Fi n , the brake, the engine throttle, etc., is 
controlled at time Ti for preventing each wheel from slipping. 

Referring to FIG. 26, for point a, the gradient (dF wn /dt) (T ij 
is small and thus F wn(T 2) < F in at time T 2 and therefore no control 
is performed; for point b, the gradient (dF wn /dt) < T i) is large and 
it is predicted that Fwn{T2) — Fi n a t time T 2 1 and therefore the 
above-described control is performed. 

Next, removal of the effect of kingpin angle (inclination), 
caster angle, camber angle, yaw angle will be discussed. 

If the measurement value of the acceleration sensor 221 
is affected by the kingpin angle (inclination), caster angle, 
camber angle, yaw angle, etc., of the automobile, the experimental 
value may be previously stored and the effect may be removed. 

As shown in FIG. 27, when the vehicle passes through uneven 
spots on the road surface, etc., the suspension expands and 
contracts, an error occurs in the measurement value, and an error 
occurs in the ground speed, the slip ratio, etc. In this case, 
the z-direction acceleration sensor 221 can be attached to each 
wheel support member (axleunit, also called axle unit ) , vibration 
caused by uneven spots on the road surface, etc., can be detected, 

68 




(209) 



and correction can be made for finding the ground speed and the 
slip ratio with high accuracy. 

If the z-direction acceleration sensor 221 is also attached 
to the car body, the difference is measured, whereby the vibration 
component caused by uneven spots on the road surface, etc., can 
be removed with higher accuracy. 

Next, a concept of applying to warning display against dozing 
at the wheel will be discussed. (Each wheel need not necessarily 
be provided with) As shown in FIGS. 28 and 29, the y- (lateral) 
direction acceleration of the vehicle becomes as in FIG. 28 at 
the traveling time in a straight line, at the curve running time, 
and on an S-letter curve. However, it is considered that dozing 
at the wheel becomes as shown in FIG. 29. 

Thus, at the traveling time in a straight line and at the 
curve running time, for an approximate curve for one constant 
time (a line at the traveling time in a straight line), its 
deflection and period are measured, and if there is a probability 
of dozing at the wheel, the driver can be warned of dozing at 
the wheel. 

Next, the acceleration sensor 221 will be discussed. 

Generally, it is considered that acceleration of an 
automobile becomes the maximum at the time of very fast start 
or harsh braking, which is about ±0.5 G. Thus, the measurement 
range of an accelerometer needs to be larger than the value. At 
low speed, high resolution becomes necessary to deal with minute 
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acceleration change; when the vehicle runs at high speed, high 
responsivity becomes necessary. 

The acceleration sensor 221 will be discussed in detail 

below: 

1. ADXL202E manufactured by Analog Devices kabushiki kaisha 
This sensor is a two-axis acceleration sensor having a 

measurement range of ±2 G . It operates at 5 v and outputs a digital 
signal or an amplified analog signal. The data transfer speed 
can be varied by a connection capacitor in the range of 0.01 Hz 
to 5 KHz . The relationship between the responsivity and 
resolution is as follows: 60 Hz-2 mg, 20 Hz-1 mg, 5Hz - 0.5 mg. 
Shock resistance is 1000 g and heatresis tant temperature is -65°C 
to 150°C . High- speed response is possible . The sensor has a small 
size of 5 mm x 5 mm x 2 mm and is available at a low price of 
about 500 yen and is used in various fields. If the two sensors 
are used, x, y direction acceleration and angular acceleration 
around the x, y axis can be found. 

2. Three-axis acceleration sensor of piezoresistance type 
manufactured by Hitachi Kinzoku kabushiki kaisha 

A stress occurs in piezoresistance by the force produced 
by the action of acceleration, and acceleration is detected. 
Three one-axis acceleration sensors and two two-axis acceleration 
sensors can be assembled for detecting acceleration in three axis 
directions at the same time and also detecting a gradient. The 
sensor has a measurement range of ±3 G and has a very small package 



size of 4.8 x 4.8 x 1.25 mm. 

3. Three-axis acceleration sensor of piezoresistance type 
manufactured by Hokuriku Denki Kougyou 

This sensor can detect acceleration in three axis directions 
at the same time like the sensor manufactured by Hitachi Kinzoku. 
The sensor has a measurement range of ±2 G and has a size of 5.2 
x 5.6 x 1.35 mm. 

(Relevant patent documents) JP-A-2003-24 0795 

JP-A-2002-243759 

The acceleration sensors 221 include those of 
piezoresistance type, capacitance type, piezoelectric type, etc., 
according to the measurement principle including the 
above-described acceleration sensors; any of the acceleration 
sensors may be used in the method. 

Next, the sensor attachment position will be discussed. 

The acceleration sensor 221 measures the behavior of each 
wheel and thus ideally is attached to the center part of the tire 
width. At the traveling time in a straight line, the acceleration 
sensor may be attached to the axle unit. At the curve running 
time, if the acceleration sensor deviates from the tire width 
center, an error occurs in the measured acceleration and thus 
an error also occurs in the ground speed V n and the slip ratio 
S n of each wheel . Therefore, it is desirable that the acceleration 
sensor 221 should be attached within the rim width of the tire 
wheel . 



Various simulations are conducted by changing the 
attachment position of the acceleration sensor 221 (the distance 
between the tire center and the acceleration sensor attachment 
position is the offset amount) and it is found that the acceleration 
sensor may be attached within a given width from the tire width 
center at the practical level, as shown in FIG. 30. The offset 
effect is almost the same on the inside and outside of the car 
body . 

Therefore, it is desirable that the acceleration sensor 
221 should be attached within 150 mm from the tire center. If 
the acceleration sensor 221 cannot be attached within the rim 
width of the tire wheel or within 150 mm from the tire center, 
a method of correcting the offset amount from the turning angle 
of the tire and finding the ground speed V n and the slip ratio 
S n can also be used as shown below. If the acceleration sensor 
221 is attached within the rim width or within 150 mm from the 
tire center, acceleration can be found with higher accuracy if 
correction calculation is performed. 

The case where the acceleration sensor 221 is attached to 
wheel n (n=l, 2, 3, 4) at a position y off (mm) from the tire center 
as shown in FIG. 31 will be discussed. 

When the wheel n travels in Xn' direction and turns to Xn 
direction, slip angle 9n of each wheel is found from the turn 
angle of the steering wheel. At this time, at the sensor 
attachment position, acceleration Act shown in the following 



expression acts as compared with the tire center and thus is 



subtracted for correction. 



[Expression 112] 



Aa 



(210) 



[Expression 113] 



(211) 



That is, at the sensor attachment position, acceleration 
occurs by circular motion with the radius y C ff with the tire center 
position as the center. Since circumferential acceleration acts 
in the Xn direction and centrifugal acceleration occurs in Yn 
direction, the acceleration found in the expression is subtracted 
from the measurement value for correction. 

Next, the accuracy of the acceleration sensor 221 and the 
rotation sensor 222 will be discussed. 

It is considered that acceleration of an automobile is about 
±0.5 g at the time of very fast start or harsh braking and 
acceleration of each wheel is almost similar to that of the 
automobile. Thus, assuming that the acceleration to be 
controlled is in the range of 1 g and that accuracy of 1/200 to 
1/500 is required, resolution of 5 mg to 2 mg becomes necessary. 
For the automobile, acceleration rapidly changes at the time of 
harsh braking, etc. , and if the absolute value of the acceleration 
is large, high responsivity is required and at low speed time, 
etc., highly accurate control is required. The acceleration 
sensor manufactured by Analog Devices has variable responsivity 



in the range of 0.01 Hz to 5 kHz as the capacitor is changed, 
and also has resolution that can be changed accordingly. Thus, 
if the absolute value of the acceleration detected is large, high 
responsivity is required for the acceleration sensor and thus 
responsivity may be set to 60 Hz and the resolution at the time 
becomes 2 mg . The responsivity may further be raised . When high 
accuracy is required, if the responsivity is set to 5 Hz, the 
resolution becomes 0.5 mg . 

Next, a z-direction acceleromet er (angular speed sensor) 
will be discussed. 

As z-direction acceleration is measured, 

(1) measurement of road surface gradient; and '\ 

(2) measurement of vibration caused by uneven spots on road 
surface, etc. 

are made possible . In fact , to measure the road surface gradient, 
output data of the z-direction acceleration is stored several 
times and is averaged, whereby fine acceleration data disappears 
and large acceleration change is output and the road surface 
gradient is found. In contrast, to measure vibration caused by 
uneven spots on road surface, etc., averaging processing may be 
skipped or if averaging processing is performed, the number of 
data pieces may be lessened. A plurality of accelerometers 
different in the number of data pieces of the z-direction 
acceleration to be averaged may be installed. If a three-axis 
angular sensor, a six-axis motion sensor, etc., is installed, 



control can be performed with higher accuracy. 

Next, a calculation method of the load sharing ratio f n 
of two-axis drive (FF, FR) will be discussed. 

For a two-wheel drive car such as FF or FR, the load sharing 
ratio f n is found according to the f ollowingmethod : At thebraking 
time and at the neutral time, namely, when no drive force is 
transmitted from the running gear of the automobile to each wheel, 
the braking force F xn of each wheel is found from the brake liquid 
pressure of each wheel as shown in FIG. 8. The following 
expression holds for the braking force F xn of each wheel and the 
slip ratio S n : 
[Expression 114] 



If the expressions are transformed, the following 
expressions result : 
[Expression 115] 




(212-1) 



(212-2) 



(212-3) 



(212-4) 




(213-1) 



F t2 =Fj^-M,-S 2 (213-2) 



K 



F,3=F x3 /^/vS 3 ••• (213-3) 

F !A =F x Ji- M .-S A (213-4) 



zA xAj , 

I K b 

Here, temporarily the wheels are considered to be equal 
in friction coefficient, which is p, m as in the following 
expression: 
[Expression 116] 

If this expression is assigned to simultaneous equations 

(213) , 
[Expression 117] 

F, } =F x Jj- Mm -S, (215-1) 
F,2=F x2 /j- Mm -S 2 (215-2) 



F«=Fj±-p m 'S % (215-3) 



F !A =F xA /i- Mm -S 4 ••• (215-4) 



z4 "~ A x4f ^ 

From these expressions, the load sharing ratio of the wheels 
is found as follows: 
[Expression 118] 
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/, : f% ' h ■ U = • F *2 : ^3 = ^< = ^i/S, :F rf /5 a /S 4 

••• (216) 

The whole braking force is F b = F xi + F x2 + F x3 + F x4 and the 
braking force ratio of the wheels is b n - 

[Expression 119] 

b x =FjF k9 b 2 =F x2 /F b , b 3 =F x3 /F b , b A = F x4 /F b ••• (217) 
Using the ratio, the load sharing ratio is as follows: 

[Expression 120] 

fx : f% : f : f = *i /*i • *2 >b 3 /S 3 :b 4 /S 4 •••(218) 
If coefficient k is multiplied, it is considered that fn 
= k(b n /S n ). This is assigned to f 1 + f 2 + f 3 + f a = 1 . 

[Expression 121] 

k A + k^ + k^ + k^ = \ (219) 

S 2 S 3 S A 

If expression (219) is arranged, k is found as in the 
following expressions : 
[Expression 122] 



7 f b, b 2 b 3 b A ^ 
V*^i ^2 ^3 ^4 j 



[Expression 123] 



= 1 ••• (220) 



k = l /il— (221) 

Since k is found, the load sharing ratio of the wheels is 
found as follows: 
[Expression 124] 
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f^ b t/tk "' (222 " 2) 

f> = h t/±T- •" (222 " 3) 

The road friction coefficients of the wheels are found in 
the following expression: 
[Expression 125] 

Mi=F«/yfiMg'COsfi'S* (223-1) 
/i 2 =F x2 jy f 2 Mg- cos fiS a (223-2) 
M*=F*fyf*Mg'<*>*fi-S* (223-3) 

M4=F x ^yf 4 Mgcosj3S 4 (223-4) 

If the liquid pressure at the braking time of each wheel 
is unknown, the braking force acting on each wheel may be assumed 
to be equal F*i = F x2 = F x3 = F x4 = 1/F xb , the load sharing ratio 
may be found, and the road friction coefficients may be found. 
If the electric system (power supply) of the automobile is turned 
off as the engine is switched off, etc., the value of the load 
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sharing ratio is also stored for use at the later calculation 
time . 

Next, alternative methods of finding the slip ratio will 
be discussed. 

The following methods are also available as alternative 
methods of finding the speed of each wheel and the slip ratio: 

(1) Integration method 

Speed change AV a is found from true acceleration oc x found 
by excluding the gravity effect from output of the acceleration 
sensor 221 within minute time At. On the other hand, change Aco 
of the rotation angular speed is found from output co of the rotation 
sensor 222, and the virtual radius r of each wheel is found from 
the ratio between AV a and Aco. To begin with, speed change AV a 
in minute time. At from time ti to t 2 is found in the following 
expression from ot x : 

[Expression 126] 



Next, rotation speed change Aco in minute time At from time 
ti to t 2 is found- in the following expression from output co of 
the rotation sensor 222: 
[Expression 127] 



From the ratio between these two expressions, the virtual 
radius r of each wheel is found according to the following 
expression : 




(224) 



Aco = co t2 -co l 



fl 



(225) 



[Expression 128] 

r = AV a /Aa) = ^a x dt/(D t2 -co t] (22 6) 

When the ratio of r in the expression is constant 
independently of the time and is not zero, the ground speed V 
of each wheel is found in the following expression: 
[Expression 129] 

V - rco- £ adi /(co t2 -co n )co ••• (227) 

When the ratio of r starts to change, if the time is ti 
and the ground speed at the time is V t i, the ground speed in time 
t is found in the following expression: 
[Expression 130] 

V=V n +fca s dt (22 8) 

The tire real radius R of each wheel in the neutral state 
of the vehicle as described above is found in the following 
expression : 
[Expression 131] 

R = — (229) 
CO 

The neutral state as described above in expression (112) 
is when the following expression holds: 
[Expression 132] 

a + gsm/3 = 0 (230) 
Using V and R thus found, the slip ratio S of each wheel 
is found and the slip state of each wheel is known. 
[Expression 133] 
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S = \-VIRco 



(231) 



[Expression 134] 



S = l-Rco/V 



(232) 



The ratio between a x and output of the rotation sensor 222 
is represented. For the virtual radius r, move distance AL may 
be found from twice integration of acceleration in minute time 
At from ti to t 2 and rotation angle AG may be found from one 
integration of the rotation sensor 222 as represented in the 
following expression. The rotation angle A0 may be found as the 
rotation angle difference. 
[Expression 135] 



(2) Combining method 

If the vehicle has a driven wheel, the slip ratio of the 
driven wheel is zero at the driving time and therefore the slip 
state of each wheel is known according to the following method: 

To begin with, at the traveling time in a straight line 
on a f latland, at low speed, or at lowered speed, the four wheels 
are at the same ground speed and the ground speed of each wheel 
is found from the following expressions using the real radius 
R: 

[Expression 136] 




(233) 




••• (234-1) 



(234-2) 
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V x2 = R 2 co 2 



V X 3 = *3«>3 



••• (234-3) 
••• (234-4) 

. V xA = R 4 a> 4 (234-5) 
Here, it is assumed that wheels 1 and 2 are driven wheels 
and the real radius R of wheel 1 is used as the reference radius. 
From the expressions, the real radius R of each wheel is represented 
by the following expressions from Ri and the rotation angular 
speed co. Here, N of a subscript indicates the neutral state. 
[Expression 137] 

R } = R, ■•• (235-1) 

R 2 ^{<oJco 2 ) N R, (235-2) 
*3=(<V*> 3 )»*i •■• (235-3) 

R A ={coJ<D A ) N R, •'• (235-4) 

From these expressions, the real radius R n of each wheel 
is found as the ratio of Ri , 

Next, at the traveling time in a straight line not under 
the above-mentioned conditions, if the virtual radius r of each 
wheel is used, the following expressions hold: 
[Expression 138] 



V -V = V = V 


••' (236-1) 




••• (236-2) 


V x7 = r 2 a> 2 


••• (236-3) 


V x * = r 3 <o 3 


••• (236-4) 


V xA =r A co A 


••• (236-5) 



Thus, the virtual radius r of each wheel at the traveling 
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time in a straight line is represented by the following expressions 

using ri of wheel 1: 
[Expression 139] 

r,=r, ••• (237-1) 

r 2 =(<»,/ *»,V#i (237-2) 
r 3 = {a>,la> 3 ) N ••• (237-3) 

r 4 = T, ••• (237-4) 

At this time, the following expressions hold for the virtual 

radiuses of driven wheels 1 and 2 because the slip ratio is 0: 
[Expression 140] 

/-=/?, (238-1) 
r 2 =R 2 =(co ] /co 2 ) N R ] "' (23 8-2) 

The virtual radiuses of drive wheels 3 and 4 are found in 

the following expressions using Ri : 
[Expression 141] 

r 3 =(*>,/ <o 3 ) N R, ••• (239-1) 

r A =(fi>Jco A ) N R, (239-2) 
Thus, if Ri is determined, the ground speed V n at the traveling 

time in a straight line is found in the following expressions: 
[Expression 142] 

V y = 7\C0, "• (24 0-1) 

V 2 =r 2 a> 2 ••• (24 0-2) 

V 3 =r ? co 3 •" (24 0-3) 

V 4 =r 4 a> 4 (24 0-4) 

The slip ratio S n of each wheel is found in the following 
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expressions: 
[Expression 143] 

S } = 0 (241-1) 
S 2 =0 •••(241-2) 
S 3 =1-7-3/7? ■■• (241-3) 

S A =\-rJR A (241-4) 
Next, the curve running time will be discussed. 
At the curve running time, V xi = V x2 = V x3 = V x4 does not 
hold and therefore the virtual radius is found in the following 
method. Since the driven wheel has a slip ratio of 0, the following 
expressions hold: 
[Expression 144] 

7- = 7?, ••• (242-1) 

r 2 = R 2 = (co } /a> 2 ) N -R, ••• (242-2) 

For drive wheel 3, 4, if the acceleration is integrated 
and is added to the value V x3 before integration to find the ground 
speed V, 
[Expression 145] 
a 

V xl =V^+\adt •••(243-1) 
t\ 

V xA =V^+]adt •••(243-1) 

However, V xn is based on R x and thus is not real speed. If 
the real radius Ri is found by a differentiation method, an 
integration method, or any other method, V xn can be found with 
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higher accuracy. 

The ground speed V n of each wheel is divided by the rotation 

angular speed co to find the virtual radius r. 
[Expression 146] 

r 3 =V x3 /a 3 ••• (244-1) 

r 4 =V x4 /co A (244-2) 
The slip state of each wheel is thus known using the real 
radius R n of each wheel and the virtual radius r n . Expressions 
of finding the slip ratio of each wheel are as follows: 
[Expression 147] 

S } = 0 ••• (245-1) 

S 2 =0 (245-2) 
S 3 =l-r 3 /i? (245-3) 
S A =\-rJR A (245-4) 
Although the first embodiment of the invention is described, 
it is to be understood that the invention is not limited to the 
embodiment and modification and improvement of the invention can 
be made as appropriate, of course. 

For example, for two-wheel drive, at the traveling time 
of the vehicle in a straight line, circumferential speed Vcf of 
a driven wheel is car body speed Vd and slip ratio Xd of a drive 
wheel is found from the car body speed Vd and circumferential 
speed Vcd of the drive wheel, whereby the slip ratio of the drive 
wheel can always be measured in real time. Accordingly, also 
at the driving time, the throttle valve can be closed and 
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differential control can be performed for performing traction 
control so that the ideal slip ratio is not exceeded. 

In the embodiment described above, the case of a single 
wheel is taken as an example. However, the invention can also 
be applied to a sub-wheel structure (so-called double tires, 
etc. , ) with a plurality of wheels combined such as a truck. In 
this case, the acceleration sensor 221 is placed in the rim width 
between outer and inner rims with the plurality of wheels combined. 
(Application example 1) 

A wheel slip measurement method of using an acceleration 
sensor and a wheel rotation sensor, attached to each axle unit 
of a vehicle and combining the number of revolutions detected 
by the rotation sensor and the acceleration detected by the 
acceleration sensor to find a slip state of the axle unit. 
(Application example 2) 

A method of using an acceleration sensor in the traveling 
direction of each wheel and a wheel rotation sensor, attached 
to each axle unit of a vehicle and combining rotation angular 
speed co detected by the rotation sensor and acceleration a detect ed 
by the acceleration sensor to find ground speed V of each wheel 

according to V = (a/co') -co. 
(Application example 3) 

Amethod in application example 2 wherein as the acceleration, 
for an acceleration sensor using a force produced by acceleration 
and measuring the acceleration, true acceleration a is found 
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according to a = a a + g sinP using output oc a of the acceleration 
sensor, road surface gradient angle P, and gravity acceleration 

g- 

(Application example 4) 

In application example 2 or 3, 
a method of finding V when a/© 1 is almost constant. 
(Application example 5) 

In application example 2 or 3, 
a method of finding ground speed V of each wheel according to 

V = (a/Q f ) • co when a/co' is almost constant, finding ground speed 

V of each wheel according to 
[Expression 148] 

V = V n +jadt 

n 

when a/co 1 does not become almost constant, and finding real radius 
R of each wheel (tire) according to R = V/co. 
(Application example 6) 

In application example 5, a method of finding the real radius 
R of each wheel when a neutral state is entered, namely, when 
the true acceleration a, the gravity acceleration g, and the road 
surface gradient angle P become the relation of a = -g sinp. 
(Application example 7) 

In application example 5 or 6, a method of finding slip 
ratio S according to S = 1 - V/ (R-co) at the driving time and finding 
slip ratio S according to S = 1 - (R-©)/V at the braking time. 
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(Application example 8) 

A method of finding road friction coefficient \i of each 
wheel and drive force F x of each wheel using slip ratio S n of 
each wheel, longitudinal load F z imposed on each wheel, and 
inertial force Ma caused by car body mass M. 
(Application example 9) 

A method of finding road friction coefficient \x of each 
wheel and resultant force of drive force F x of each wheel and 
side force of each wheel using output ot y of an acceleration sensor 
in a lateral direction of each wheel attached to each axle unit 
of a vehicle, slip ratio S of each wheel, longitudinal load F 2 
imposed on each wheel, and inertial force M a caused by car body 
mass M at the curve running time. 
(Application example 10) 

A method of using an acceleration sensor in the traveling 
direction of each wheel, attached to each axle unit of a wheel 
and a rotation sensor of a wheel and combining rotation angular 
speed co detected by the rotation sensor and acceleration a detected 
by the acceleration sensor to find ground speed V of each wheel 
according to 
[Expression 149] 




or finding the ratio, between 



[Expression 150] 
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12 

\adt 
w 

and (co t 2 " ©ti) 
for controlling each wheel • 
(Application example 11) 

A method of using an acceleration sensor in the traveling 
direction of each wheel, attached to each axle unit of a wheel 
having a driven wheel and a rotation sensor of a wheel and combining 
rotation angular speed co detected by the rotation sensor, 
acceleration a detected by the acceleration sensor, the real 
radius of the driven wheel, and the number of revolutions of the 
driven wheel to find ground speed V of each wheel and slip ratio 
S . 

(Application example 12) 

A vehicle using the method described in application example 

1 . 

(Application example 13) 

A vehicle using the method described in application example 

2 . 

(Application example 14) 

A vehicle using the method described in application example 

3 . 

(Application example 15) 

A vehicle using the method described in application example 

4 . 
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(Application example 16) 

A vehicle using the method described in application example 

5. 

(Application example 17) 

A vehicle using the method described in application example 

6. 

(Application example 18) 

A vehicle using the method described in application example 

7 . 

(Application example 19) 

A vehicle using the method described in application example 

8 . 

(Application example 20) 

A vehicle using the method described in application example 

9. 

(Application example 21) 

A vehicle using the method described in application example 

10. 

(Application example 22) 

A vehicle using the method described in application example 

11 . 

(Application example 23) 

An axle unit or a rolling bearing unit for axle support 
having an acceleration sensor for measuring acceleration in the 
traveling direction of a wheel and a rotation sensor for measuring 
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the rotation angular speed of the wheel. 
(Application example 24) 

The axle unit or the rolling bearing unit for axle support 
described in application example 23 wherein the acceleration 
sensor is placed inside in the axial direction from a rotation 
wheel . 

(Application example 25) 

The axle unit described in application example 23 wherein 
the acceleration sensor is placed within the rim width of the 
wheel . 

(Application example 26) 

The rolling bearing unit for axle support described in 
application example 23 wherein the acceleration sensor is placed 
within the rim width of the wheel . 
(Application example 27) 

The axle unit described in application example 23 wherein 
the acceleration sensor is placed within 150 mm in the axial 
direction from the center (center line) of the rim width of the 
wheel . 

(Application example 28) 

The rolling bearing unit for axle support described in 
application example 23 wherein the acceleration sensor is placed 
within 150 mm in the axial direction from the center (center line) 
of the rim width of the wheel. 
(Application example 29) 
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The axle unit described in application example 23 wherein 
output when the acceleration sensor is installed offset relative 
to the center (center line) of the rim width of the wheel is 
corrected by calculation. 
(Application example 30) 

The rolling bearing unit for axle support described in 
application example 23 wherein output when the acceleration sensor 
is installed offset relative to the center (center line) of the 
rim width of the wheel is corrected by calculation. 
(Application example 31) 

A rotation speed measurement apparatus or method of each 
wheel of a vehicle characterized in that each pitch error of one 
revolution of a rotation speed detection encoder of the wheel 
is stored and the rotation speed or the rotation angle is found 
while the pitch error is corrected at the measurement time. 
(Application example 32) 

In application example 31, apparatus or method 
characterized in that the rotation speed detection encoder is 
provided with at least one reference pitch different in pitch 
error and each pitch error is stored in the measurement apparatus 
for correction based on the reference pitch. 
(Application example 33) 

A vehicle control apparatus having an acceleration sensor 
for detecting the acceleration of a wheel of a vehicle and a 
number-of -revolutions detection sensor for detecting the number 
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of revolutions of the wheel for finding the ground speed of the 
wheel based on the number of revolutions of the wheel detected 
by the number-of-revolut ions detection sensor and the 
acceleration of the wheel detected by the acceleration sensor. 
(Application example 34) 

A vehicle having a wheel unit having a stationary member, 
a rotation member being rotatable relative to the stationary 
member, a sensor rotor being attached to the rotation member, 
a rotation speed sensor being attached to the stationary member 
so as to be opposed to the sensor rotor for outputting a rotation 
speed signal responsive to the rotation speed of the sensor rotor, 
and an acceleration sensor being attached to the stationary member 
for outputting an acceleration signal responsive to the 
acceleration in the traveling direction of the wheel unit, a 
trigger signal generation unit for generating a trigger signal 
in response to braking of the vehicle, a storage unit for storing 
the circumferential speed of the wheel as the speed of an axle 
when the trigger signal is generated or in response to the signal 
from the rotation sensor before the trigger signal is generated, 
an integration unit for integrating the acceleration based on 
the acceleration signal output from the acceleration sensor from 
the detection time to find additional axle speed, a calculation 
unit for calculating the slip ratio from the additional axle speed 
and new detected circumferential speed of the wheel, and a brake 
control unit for controlling braking based on the provided slip 
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ratio . 

(Application example 35) 

A control method of a vehicle having the step of storing 
the circumferential speed of wheel as the speed of an axle when 
the trigger signal is generated or in response to the signal from 
the rotation sensor before the trigger signal is generated, the 
step of integrating the acceleration based on the acceleration 
signal output from the acceleration sensor from the detection 
time to find additional axle speed, the step of calculating the 
slip ratio from the additional axle speed and new detected 
circumferential speed of the wheel, and the step of controlling 
braking based on the provided slip ratio, the control method using 
a wheel unit having a stationary member, a rotation member being 
rotatable relative to the stationary member , a sensor rotor being 
attached to the rotation member, a rotation speed sensor being 
attached to the stationary member so as to be opposed to the sensor 
rotor for outputting a rotation speed signal responsive to the 
rotation speed of the sensor rotor, and an acceleration sensor 
being attached to the stationary member for outputting an 
acceleration signal responsive to the acceleration in the 
traveling direction of the wheel unit, and a trigger signal 
generation unit for generating a trigger signal in response to 
braking of the vehicle. 

(Application example 36) 

A wheel unit having a stationary member, a rotation member 
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being rotatable relative to the stationary member , a sensor rotor 
being attached to the rotation member, a rotation speed sensor 
being attached to the stationary member so as to be opposed to 
the sensor rotor for outputting a rotation speed signal responsive 
to the rotation speed of the sensor rotor, and an acceleration 
sensor being attached to the stationary member for outputting 
an acceleration signal responsive to the acceleration in the 
traveling direction of wheel, characterized in that the 
acceleration sensor is placed in the rim width of the wheel. 
(Application example 37) 

Arolling bearing unit for wheel support having a stationary 
wheel, a rotation wheel, a plurality of rolling elements being 
placed between the stationary wheel and the rotation wheel, a 
sensor rotor being attached to the rotation wheel, a rotation 
speed sensor being attached to the stationary wheel so as to be 
opposed to the sensor rotor for outputting a rotation speed signal 
responsive to the rotation speed of the sensor rotor, and an 
acceleration sensor being attached to the stationary wheel for 
outputting an acceleration signal responsive to the acceleration 
in the traveling direction of wheel, characterized in that the 
acceleration sensor is placed in the rim width of the wheel. 
(Application example 38) 

A wheel unit having a stationary member, a rotation member 
being rotatable relative to the stationary member , a sensor rotor 
being attached to the rotation member, a rotation speed sensor 
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being attached to the stationary member so as to be opposed to 
the sensor rotor for outputting a rotation speed signal responsive 
to the rotation speed of the sensor rotor, and an acceleration 
sensor being attached to the stationary member for outputting 
an acceleration signal responsive to the acceleration in the 
traveling direction of wheel, characterized in that the 
acceleration sensor is placed in the rim width of the wheel or 
within 150 mm in the axial direction from the center line of the 
rim width of the wheel. 
(Application example 39) 

A rolling bearing unit for wheel support having a stationary 
wheel, a rotation wheel, a plurality of rolling elements being 
placed between the stationary wheel and the rotation wheel, a 
sensor rotor being attached to the rotation wheel, a rotation 
speed sensor being attached to the stationary wheel so as to be 
opposed to the sensor rotor for outputting a rotation speed signal 
responsive to the rotation speed of the sensor rotor, and an 
acceleration sensor being attached to the stationary wheel for 
outputting an acceleration signal responsive to the acceleration 
in the traveling direction of wheel, characterized in that the 
acceleration sensor is placed in the rim width of the wheel or 
within 150 mm in the axial direction from the center line of the 
rim width of the wheel. 
(Application example 40) 

A wheel unit having a stationary member of the wheel unit 
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below a spring of a vehicle suspension, a rotation member being 
rotatable relative to the stationary member, a sensor rotor being 
attached to the rotation member, . a rotation speed sensor being 
attached to the stationary member so as to be opposed to the sensor 
rotor for outputting a rotation speed signal responsive to the 
rotation speed of the sensor rotor, a semiconductor acceleration 
sensor being attached to the stationary member for outputting 
an acceleration signal responsive to the acceleration in the 
traveling direction of wheel, and an acceleration signal 
processing unit being attached to the wheel unit for processing 
the acceleration signal in the form of receiving no effect of 
wiring . deformation and outputting the provided signal to a 
controller of a car body. 
(Application example 41) 

A slip ratio measurement method of, at the preliminary 
running time of a vehicle as a drive force or a braking force 
does not act on a tire in a wheel, detecting preliminary traveling 
acceleration in the traveling direction of the wheel and 
preliminary rotation angular speed of the wheel, differentiating 
the preliminary rotation angular speed to find preliminary 
rotation angular acceleration of the wheel, finding the tire 
radius of the wheel from the preliminary rotation angular 
acceleration and the preliminary traveling acceleration and then 
at the real running time of the vehicle, further detecting real 
traveling acceleration in the traveling direction of the wheel 
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and real rotation angular speed of the wheel, differentiating 
the real rotation angular speed to find real rotation angular 
acceleration of the wheel, finding the ratio between an apparent 
tire radius found by assuming the slip ratio to be zero and the 
tire radius at the preliminary running time from the real rotation 
angular acceleration and the real traveling acceleration, and 
providing the ratio as the slip ratio of the tire. 
(Application example 42) 

A slip ratio measurement method of, at the preliminary 
running time of a vehicle as a drive force or a braking force 
does not act on a tire in a wheel, detecting preliminary traveling 
acceleration in the traveling direction of the wheel and 
preliminary rotation angular speed of the wheel, differentiating 
the preliminary rotation angular speed to find preliminary 
rotation angular acceleration of the wheel, integrating the 
preliminary traveling acceleration and the preliminary rotation 
angular acceleration per unit time, finding the tire radius of 
the wheel from the increment of the preliminary traveling speed 
and the preliminary rotation angular speed per unit time and then 
at the real running time of the vehicle, further detecting real 
traveling acceleration in the traveling direction of the wheel 
and real rotation angular speed of the wheel, differentiating 
the real rotation angular speed to find real rotation angular 
acceleration of the wheel, integrating the real traveling 
acceleration and the real rotation angular acceleration per unit 
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time, finding the ratio between an apparent tire radius found 
by assuming the slip ratio to be zero and the tire radius at the 
preliminary running time from the increment of the real traveling 
speed and the real rotation angular speed per unit time, and 
providing the ratio as the slip ratio of the tire. 
(Application example 43) 

A slip ratio measurement method of, at the preliminary 
running time of a vehicle as a drive force or a braking force 
does not act on a tire in a wheel, detecting preliminary rotation 
angular speed of each of driven and drive wheels, based on the 
tire radius and the preliminary rotation angular speed of any 
one of the driven wheels, finding the tire radius of a different 
wheel from the preliminary rotation angular speed ratio with the 
different wheel and then at the real running time of the vehicle, 
further detecting at least real traveling acceleration in the 
traveling direction of the drive wheel and real rotation angular 
speed, finding at least real traveling speed of the drive wheel 
found from the tire radius and the real rotation angular speed, 
detecting behavior change of the vehicle from the real traveling 
acceleration to generate a trigger signal, integrating at least 
the real traveling acceleration of the drive wheel from the 
generation time of the trigger signal, adding to the real traveling 
speed to find at least non-stationary traveling speed of the drive 
wheel at the non-stationary time when behavior change occurred, 
finding the ratio between an apparent tire radius found by assuming 
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the slip ratio to be zero and the tire radius at the preliminary 
running time from the real rotation angular speed and the 
non-stationary traveling speed, and providing the ratio as the 
slip ratio of the tire. 
(Application example 44) 

A control method of a vehicle of calculating the slip change 
rate per unit time of the slip ratio provided using the slip ratio 
measurement method described in any one of application examples 
41 to 43 and controlling braking of the vehicle so that the slip 
change rate becomes equal to or less than a predetermined value. 
(Application example 45) 

A slip sensor having an acceleration sensor and a rotation 
speed sensor provided on a wheel to use the slip ratio measurement 
method described in any one of application examples 41 to 43 or 
the control method of a vehicle described in application example 
44 . 

(Application example 46) 

A slip sensor bearing including the slip sensor described 
in application example 45. 
(Application example 47) 

A slip control system for controlling the running state 
of an automobile using the slip ratio measurement method described 
in any one of application examples 41 to 43 or the control method 
of a vehicle described in claim 44. 
(Application example 48) 
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A rolling bearing unit for wheel support to which the 
acceleration sensor and the number-of-revolutions detection 
sensor for use with the vehicle control apparatus described in 
application example 33 are attached. 
(Application example 49) 

A method of using an acceleration sensor in the traveling 
direction of a car body attached to the car body of a vehicle 
and a rotation sensor of a wheel and combining rotation angular 
speed co detected by the rotation sensor and acceleration a detected 
by the acceleration sensor to find ground speed V of the car body 
according to 

V = (a/ co') -co. 
(Application example 50) 

A method in application example 4 9 wherein as the 
acceleration, for an acceleration sensor using a force produced 
by acceleration andmeasuring the acceleration, true acceleration 
a is found according to a = a a + g sinp using output ot a of the 
acceleration sensor, road surface gradient angle p, and gravity 
acceleration g. 
(Application example 51) 

In application example 4 9 or 50, 
a method of finding V when a/co 1 is almost constant. 
(Application example 52) 

In application example 49 or 50, 
a method of finding ground speed V of the car body according to 
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V = a/co 1 co when a/co f is almost constant, finding ground speed 

V of the car body according to 
[Expression 151] 



when a/©' does not become almost constant , and finding real radius 
R of each wheel (tire) according to R = V/co. 
(Application example 53) 

In application example 52, a method of finding the real 



when the true acceleration a, the gravity acceleration g, and 
the road surface gradient angle (3 become the relation of a = -g 
sinP . 

(Application example 54) 

A method of using an acceleration sensor in the traveling 
direction of a car body attached to the car body of a wheel and 
a rotation sensor of a wheel and combining rotation angular speed 
co detected by the rotation sensor and acceleration a detected 
by the acceleration sensor to find ground speed V of the car body 
according to 

[Expression 152] 




radius R of each wheel when a neutral state is entered, namely, 




or finding the ratio between 



[Expression 153] 
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and (co t 2 - co t i)for controlling each wheel. 
(Application example 55) 

A method of using an acceleration sensor in the traveling 
direction of a car body attached to the car body of a wheel having 
a driven wheel and a rotation sensor of a wheel and combining 
rotation angular speed co detected by the rotation sensor, 
acceleration a detected by the acceleration sensor, the real 
radius of the driven wheel, and the number of revolutions of the 
driven wheel to find ground speed V of the car body and slip ratio 
S of each wheel . 

[Description of insisting that the priority date is November 
18, 2002] 

(1) The variable names in the description are as follows: The 
wheel speed V w is the tire circumferential speed Ve, the slip 
ratio X is the slip ratio S, and the reference wheel speed V T 
is the ground speed V. 

(2) The symbols of the description are effective only for the 
description . 

To begin with, a rolling bearing unit for wheel support 
with a rotation speed detector will be discussed based on FIG. 
36. As shown in FIG. 36, the rollingbearing unit for wheel support 
with a rotation speed detector supports a hub 2 corresponding 
to a rotation bearing ring rotating at the use time with a wheel 

103 



fixed on the inner diameter side of an outer race 1 corresponding 
to a stationary bearing ring not rotating at the use time in a 
support state on a suspension. The rotation speed of a sensor 
rotor 3 fixed to a part of the hub 2 can be detected by a rotation 
speed detection sensor unit 5 supported on a cover 4 fixed to 
the outer race 1. In the example shown in the figure, as the 
rotation speed detection sensor unit 5, an annular sensor unit 
opposed to the sensor rotor 3 over the full circumference is used. 
To support the hub 2 for rotation, the outer race 1 is formed 
on an inner peripheral surface with a plurality of rows of outer 
raceways 6 and 6 corresponding to the stationary bearing ring. 
Inner raceways 9 and 9 corresponding to the rotation bearing ring 
are provided on the outer peripheral surface of the hub 2 and 
the external peripheral surface of an inner race 8 outer-fitted 
to the hub 2 and forming the rotation bearing ring together with 
the hub 2 in a state in which the inner race 8 is joined and fixed 
to the hub 2 by a nut 7. A plurality of rolling elements 10, 
10 are placed for rolling between each inner raceway 9, 9 and 
each outer raceway 6, 6 in a state in which they are retained 
by cages 11, 11 for supporting the hub 2 and the inner race 8 
inside the outer race 1 for rotation. 

A flange 12 to attach an axle is provided in a projection 
portion from the outer end part of the outer race 1 to the outside 
in the axial direction in the outer end part of the hub 2 (end 
part outside in the width direction in an assembly state into 
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the vehicle, the left end part in FIG. 36) . An attachment part 
13 to attach the outer race 1 to the suspension is provided in 
the inner end part of the outer race 1 (end part at the center 
in the width direction in the assembly state into the vehicle, 
the right end part in FIG. 36) . The gap between the outer end 
opening of the outer race 1 and the intermediate part outer 
peripheral surface of the hub 2 is closed with a sealing 14 . For 
the rolling bearing unit for a heavy vehicle, as the plurality 
of rolling elements 10, 10, taper rollers may be used in place 
of balls as shown in the figure. 

To use the rolling bearing unit for wheel support with a 
rotation speed detector as described above, the attachment part 
13 fixed to the outer peripheral surface of the outer race 1 is 
joined and fixed to the suspension by a bolt (not shown) and a 
wheel (not shown) is fixed to the flange 12 fixed to the outer 
peripheral surface of the hub 2 by a stud 22 provided on the flange 
12, thereby supporting the wheel for the suspension (not shown) 
for rotation. If the wheel rotates in this state, through holes 
17 and 17 formed in a detected cylinder part 15 and a pillar part 
(not shown) existing between through holes 17 and 17 adjacent 
in the circumferential direction pass through alternately in the 
proximity of the end face of the detection part of the rotation 
speed detection sensor unit 5. Consequently, the density of the 
magnetic flux flowing through the rotation speed detection sensor 
unit 5 changes and output of the rotation speed detection sensor 
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unit 5 changes. The frequency at which output of the rotation 
speed detection sensor unit 5 thus changes is proportional to 
the number of revolutions of the wheel. Therefore, if output 
of the rotation speed detection sensor unit Sis sent to a controller 
50, ABS and TCS can be controlled appropriately. 

Next, a vehicle control apparatus according to a second 
embodiment of the invention will be discussed with reference to 
FIGS. 33, 34, and 35. FIG. 33 is a sectional view of the vehicle 
control apparatus, and FIG. 34 is a sectional view taken on line 
II-II in FIG. 33. 

As shown in FIGS. 33 and 34, a rotation speed detection 
sensor unit 5 forming number-of-revolutions detection means 
contains an acceleration sensor 51 (for detecting acceleration 
in a Z (for example, vertical) direction), an acceleration sensor 
52 (for detecting acceleration in a Y (for example, horizontal 
back-and-f orth) direction) , and an acceleration sensor 53 (for 
detecting acceleration in an X (for example, horizontal 
side-to-side) direction) as shown in FIG. 34 so that their axes 
cross each other . The acceleration sensors 51 to 53 are connected 
to a controller 50 . The acceleration sensor can output an electric 
signal corresponding to the magnitude of the acceleration along 
the axis and, for example, may use a piezoelectric element. The 
configuration of the acceleration sensor is well known and 
therefore will not be discussed in detail below. 

FIG. 35 is a flowchart of different control operation 
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performed by the controller 50 of the embodiment. The different 
operation in the embodiment will be discussed with reference to 
FIG. 35. 

As shown in FIG. 35, at step S201, the controller 50 receives 
a signal output in response to braking of the vehicle in real 
time and at step S202, watches whether or not which output signal 
exceeds a threshold value (a value predetermined by experiment, 
etc., and stored) . For example, if a brake unit B is operated 
in the vehicle installing the bearing unit for axle support in 
the embodiment, the output signal from the acceleration sensor 
53 for detecting the acceleration in the Y direction exceeds the 
threshold value. Thus, the controller 50 determines that 
predetermined attitude change occurs in the vehicle to be braked, 
and generates a trigger signal at step S203. 

The controller 50 repeatedly stores the current wheel speed 
output from the rotation speed sensor unit 5 in internal memory, 
determines that the wheel speed output from the rotation speed 
sensor unit 5 just before the trigger signal is generated (at 
predetermined reference time) is reference speed (reference car 
body (wheel) speed) in response to generation of the trigger signal, 
and stores the speed in the internal memory (step S204) . If the 
vehicle runs at constant speed, it is considered that the wheel 
speed matches the car body speed, and therefore the slip ratio 
can be found as shown in expressions described below with the 
wheel speed as the reference car body (wheel) speed. 
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While deceleration continues, the acceleration sensor 53 
continues to detect deceleration G and thus the controller 50 
integrates the output signal, whereby it is known that how much 
deceleration is made from the reference car body (wheel) speed 
(step S205) . As the deceleration value is subtracted from the 
reference car body (wheel) speed, the current car body (wheel) 
speed can be estimated, so that the slip ratio can be found from 
the estimated car body (wheel) speed and the current wheel speed. 
If the slip ratio can be thus found with good accuracy, control 
of ABS and TCS can be performed with high accuracy. The 
calculation of the slip ratio is executed until it is determined 
that the vehicle braking control is unnecessary (for example, 
the vehicle speed reaches zero in deceleration) at step S207. 
Then, at step S208, the reference speed stored in the internal 
memory is reset. 

Thus, if the trigger signal is generated at the start or 
braking time of the vehicle and the acceleration in the 
back-and-forth direction is integrated, precise car body (wheel) 
speed can be calculated and precise calculation of the slip ratio 
is also accomplished. That is, before the trigger signal is 
generated, the wheel speed and the car body speed becomes equal 
and therefore with the wheel speed just before generation of the 
trigger signal as the reference car body speed, the acceleration 
in the back-and-forth direction integrated after generation of 
the trigger signal is subtracted from the reference car body speed, 
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whereby precise car body speed V B can be found. On the other 
hand, letting the circumferential speed of the wheel from an 
encoder be V W/ slip ratio X can be obtained according to the 
following calculation expression: 

X = (V B - V W )/V B 

If the brake unit B is operated so that the slip ratio X 
becomes 0.1 to 0.3, the braking distance can be suppressed to 
a short distance . 

Since the wheels differ in direction and speed at the corning 
time of the vehicle, it becomes necessary to find the slip ratio 
of each wheel more precisely. To do this, it is advisable to 
contain an acceleration sensor in each bearing unit. In doing 
so, the precise reference wheel speed (V T ) of each wheel rather 
than the simple car body speed (V B ) can be found and the slit 
ratio of each wheel, X?, can be found in the following expression: 

X T = (V T - V„) /V T 

The vehicle control apparatus of the embodiment has trigger 
means for outputting a trigger signal in response to attitude 
change of the vehicle and displacement detection means for 
detecting the displacement amount of a rotation bearing ring and 
a stationary bearing ring in the rolling bearing unit for axle 
support for supporting the axle and finds at least one of the 
reaction received by the wheel from the road surface and the 
direction based on the displacement detected by the displacement 
detection means at predetermined reference time defined based 



on the time at which the trigger means generated the trigger signal 
or just before or just after the reference time and the displacement 
detected by the displacement detection means after the reference 
time. Thus, for example, even if a temperature drift , etc., occurs 
in the displacement sensor forming the displacement detection 
means, if a comparison is made between the displacement detected 
at the reference time and the displacement detected before or 
after the reference time, with the temperature drift canceled, 
the load change corresponding to the attitude change of the vehicle 
causing the trigger signal to be generated can be derived with 
good accuracy and accordingly it is made possible to find the 
reaction received by the wheel from the road surface and the 
direction. If the reaction received by the wheel from the road 
surface and the direction are found in response to the attitude 
change of the vehicle, to stabilize the attitude of the vehicle, 
control can be performed so as to give different braking forces 
to the wheels or give a drive force in some cases. 

The vehicle control apparatus of the embodiment has an 
acceleration sensor for detecting the acceleration of the car 
body or wheel of the vehicle and number-of -revolutions detection 
means for detecting the number of revolutions of the wheel and 
can perform addition/subtraction on the current car body speed 
and the integration value of acceleration, for example, based 
on the number of revolutions of the wheel detected by the 
number-of-revolutions detection means and the acceleration of 



the car body or the wheel detected by the acceleration sensor 
to find the speed of the car body. Thus, the slip ratio can be 
derived from the found speed of the car body and the speed of 
the wheel, so that it is made possible to control the vehicle 
with high accuracy. 
[Description of insisting that the priority date is November 

21, 2002] 

(1) The variable names in the description are as follows: The 
wheel rotation speed V w is tire circumferential speed V e , the 
wheel speed V t (V T ) is ground speed V, the axle acceleration A t 
is x-direction acceleration ct x , the slip ratio X is slip ratio 
S, and the axle rotation acceleration A w is axle angular 
acceleration © ? . 

(2) The symbols of the description are effective only for the 
description . 

Next, a rolling unit for axle support according to a third 
embodiment of the invention will be discussed with reference to 
FIGS . 37 to 41 . FIG. 37 is a sectional view of the rolling bearing 
unit for axle support according to the embodiment of the invention . 
The rolling bearing unit for axle support and a controller make 
up a control apparatus of a vehicle; when they are installed in 
the vehicle, they become a part thereof. FIG. 38 is a sectional 
view taken on line II-II in FIG. 37, and FIG. 39 is an enlarged 
view of the part indicated by arrow III in FIG. 37. 

The characteristic configuration of the embodiment lies 
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in that in FIGS. 37 to 39, the direction and magnitude of load 
imposed on a wheel (not shown) fixed to a hub 2 are found and 
ABS and TCS can be controlled appropriately and that as an 
acceleration sensor is contained, ABS and TCS can be controlled 
appropriately. Thus, in the example, not only the load imposed 
on the hub 2, but also the rotation speed and acceleration of 
the hub 2 can be detected. 

In the example, of displacement measurement elements 
(rotation speed sensors) 27a and 27b for detecting displacement 
in a radial direction and displacement in a thrust direction (four 
each are placed with equal spacing in the circumferential 
direction) , the displacement measurement elements 27a for 
detecting displacement in the radial direction make it possible 
to detect the rotation speed as well as displacement in the radial 
direction. That is, in the example, a large number of through 
holes 51, 51 functioning as thickness removal parts are formed 
with equal spacing with respect to the circumferential direction 
in the portions opposed closely to the displacement measurement 
elements 27a for detecting displacement in the radial direction 
in a part of a detected cylinder part (sensor rotor) 50. Each 
of the through holes 51, 51 is shaped like a slit long in the 
axial direction. The portion between the through holes 51 and 
51 adjacent in the circumferential direction is formed as a pillar 
part functioning as a fill part. 

When the detected cylinder part 50 having the through holes 
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51, 51 rotates, output (after waveform shaping processing) of 
the displacement measurement element 27a changes as indicated 
by solid line a in FIG. 40. That is, when each through hole 51, 
51 of the detected cylinder part 50 and the displacement 
measurement element 27a face each other, output of the 
displacement measurement element 27a decreases; when the 
displacement measurement element 27a faces each pillar part of 
the portion between the through holes 51 and 51, output of the 
displacement measurement element 27a increases. Since the 
frequency at which the output of the displacement measurement 
element 27a changes is proportional to the rotation speed of the 
wheel, if an output signal (rotation speed signal) is input to 
the controller 60 through a harness, the rotation speed of the 
wheel can be found. 

FIG. 41 is a flowchart to execute a vehicle control method 
of the controller 60 in the embodiment. The controller 60 has 
a trigger signal generator 60a, a storage unit 60b, an integration 
unit 60c, a calculation unit 60d, and a braking control unit 60e. 

Different operation in the embodiment will be discussed 
with reference to FIG. 41. At step S101 in FIG. 41, the 
controller 60 receives a signal output in response to braking 
of the vehicle in real time and at step S102, watches whether 
or not which output signal exceeds a threshold value (a value 
predetermined by experiment, etc., and stored). For example, 
if a brake unit B is operated in the vehicle installing the bearing 



unit for axle support in the embodiment, the output signal from 
an acceleration sensor 63 for detecting the acceleration in the 
Ydirection exceeds the threshold value . Thus, the trigger signal 
generator 60a of the controller 60 determines that predetermined 
attitude change occurs in the vehicle to be braked, and generates 
a trigger signal at step S103. However, a brake signal output 
in association with the action of the driver who steps on the 
brake pedal for turning on a brake lamp may be used directly as 
a trigger signal. 

The storage unit 60b of the controller 60 repeatedly stores 
the current wheel rotation speed determined based on a signal 
output from the displacement measurement element 27a. The 
controller 60 finds the axle speed from wheel rotation speed V^o 
determined based on the signal output from the displacement 
measurement element 27a at the trigger signal generation time 
or just before the trigger signal generation time (braking 
reference time) in response to generation of the trigger signal, 
and the storage unit 60b stores the axle speed as reference axle 
speed Vt 0 (step S104) . 

While deceleration continues, the acceleration sensor 63 
continues to detect deceleration G in the traveling direction 
and thus the integration unit 60c of the controller 60 integrates 
the output signal to find the integration value (additional axle 
speed) At and the calculation unit 60d subtracts the additional 
axle speed At from the stored reference axle speed Vt 0/ thereby 



calculating the current axle speed (ground speed) Vt (step S105) . 
Using current circumferential speed V© fond from the wheel 
rotation speed determined in real time based on the signal output 
from the displacement measurement element 27a, the calculation 
unit 60d slip ratio X according to the following expression (step 
S106) : 

X = (Vt - Vco) /Vt 

Further, the braking control unit 60e of the controller 
60 controls the brake unit B to give a proper press pressure to 
the brake pad, thereby controlling braking of each wheel so that 
the slip ratio S becomes 0 . 1 to 0 . 2 (step S107 ) . The calculation 
of the slip ratio is executed until it is determined that the 
vehicle braking control is unnecessary (for example, the vehicle 
speed reaches zero or near to zero in deceleration) at step S108. 
Then, at step S109, the reference speed stored in the internal 
memory is reset. 

Preferably, acceleration is detected for each wheel. A 
general acceleration sensor receives the effect of gravity if 
it is inclined only a little, and therefore is easily affected 
by the installation direction or position and outputs a signal 
corresponding thereto. Thus, preferably the output 

characteristics of the acceleration sensor at the running time 
or just before braking are corrected based on the wheel rotation 
speed and are previously stored in the memory of the controller 
60. Further, if the road surface where the vehicle runs is 



inclined from back and forth or side to side, if the car body 
is inclined forward at the braking time, or if the car body is 
inclined from side to side at the cornering time, the acceleration 
sensor is affected accordingly. Thus, the change amount of the 
inclination needs to be found from the vertical acceleration of 
each wheel and the four corners of the car body and the output 
signals of the acceleration sensor and a rotation speed sensor 
need to be corrected based on the change amount. According to 
the correction, the correct car body speed can be found from the 
point in time at which a trigger signal is output. In the control, 
it is sufficient to detect the acceleration in the two directions 
of the traveling direction and the vertical direction; if the 
acceleration is detected in the three directions of the two 
directions plus the side-to-side direction, as the acceleration 
in the side-to-side direction is integrated, the deviation speed 
in the lateral direction of the wheel is found, and if the brake 
pad press force is adjusted so that the deviation speed is lessened 
as much as possible, the corning force can be controlled. 

Thus, if a trigger signal is generated at the start or braking 
time of the vehicle and the acceleration in the back-and-f orth 
direction is integrated, precise car body (wheel) speed can be 
calculated and precise calculation of the slip ratio is also 
accomplished. That is, before the trigger signal is generated, 
the wheel speed and the car body speed becomes equal and therefore 
with the wheel speed just before generation of the trigger signal 
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as the reference car body speed, the acceleration in the 
back-and-forth direction integrated after generation of the 
trigger signal is subtracted from the reference car body speed, 
whereby precise axle speed Vt can be found. 

Since the wheels differ in direction and speed at the corning 
time of the vehicle, it becomes necessary to find the slip ratio 
of each wheel more precisely. To do this, it is advisable to 
contain an acceleration sensor in each bearing unit. In doing 
so, the precise reference wheel speed (V T ) of each wheel rather 
than the simple axle speed (Vt) can be found and the slit ratio 
of each wheel, X T , can be found in the following expression: 

Xt = (V T - V w ) /V T 

Next, a rolling unit for axle support according to a fourth 
embodiment of the invention will be discussed with reference to 
FIG. 42. FIG. 42 is a sectional view of the rolling bearing unit 
for axle support according to the fourth embodiment of the 
invention. In the embodiment, different parts from those of the 
embodiment in FIG. 37 will be mainly discussed and components 
similar to those of the embodiment in FIG. 37 are denoted by the 
same reference numerals and will not be discussed again. At the 
right end of an outer race 1 in FIG. 42, a cover member 104 is 
attached the current wheel rotation speed determined based on 
a signal output from a displacement measurement element 27a. At 
the right end of a hub 2 in FIG. 42, a disk-like sensor rotor 
129b formed with openings with equal spacing in the 
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circumferential direction is attached. 

A rotation speed sensor 127a is attached to the cover member 
104 so as to face the openings of the sensor rotor 129b. An 
acceleration sensor 163 is also attached to the cover member 104. 
The rotation speed sensor 127a for detecting the wheel rotation 
speed and outputting a signal responsive to the detected speed 
and the acceleration sensor 163 for detecting acceleration in 
the traveling direction of the vehicle and outputting a signal 
responsive to the detected acceleration are connected to a 
controller not shown in FIG. 42. 

Using the rolling bearing unit for axle support in the 
embodiment, the controller (not shown) executes the control 
operation shown in FIG. 41. 

FIG. 43 is a flowchart to execute the vehicle control method 
of the controller using the rolling bearing unit for axle support 
shown in FIG. 37, FIG. 42. At step S201 in FIG. 43, the controller 
60 receives a signal output in response to braking of the vehicle 
in real time and at step S202, watches whether or not which output 
signal exceeds a threshold value (a value predetermined by 
experiment, etc., and stored). For example, if a brake unit B 
is operated in the vehicle installing the bearing unit for axle 
support in the embodiment, the output signal from the acceleration 
sensor 63 (163) for detecting the acceleration in the traveling 
direction exceeds the threshold value . Thus, the controller 60 
determines that predetermined attitude change occurs in the 
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vehicle to be braked, and generates a trigger signal at step S203 . 

At the trigger signal generation time or just before the 
trigger signal generation time, the controller 60 continues to 
differentiate axle speed Vco determined from the current wheel 
speed determined based on a signal output from a displacement 
measurement element 27a and the wheel radius to find 
differentiation value A© (step S204) . Further, the controller 
determines axle acceleration At from the output signal from the 
acceleration sensor 63 (163) (step S205) and accomplishes the 
braking operation of each wheel based on the differentiation value 
Aco and the acceleration At (step S206) . 

Thus, ABS and TCS can be controlled with higher accuracy. 
The calculationof the slip ratio is executeduntil it is determined 
that the vehicle braking control is unnecessary (for example, 
the vehicle speed reaches zero in deceleration) at step S207. 
Then, at step S208, the reference speed stored in internal memory 
is reset. 

Next, a rolling unit for axle support according to a fifth 
embodiment of the invention will be discussed with reference to 
FIG. 44. FIG. 44 is a sectional view of a knuckle unit and a 
wheel unit according to the fifth embodiment of the invention. 
In the embodiment, the bearing unit according to the embodiment 
in FIG. 37 is contained and therefore different parts from those 
of the embodiment in FIG . 37 will be mainly discussed and components 
similar to those of the embodiment in FIG. 37 are denoted by the 
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same reference numerals and will not be discussed again. 

In FIG. 44, at the left of a hub 2 of a rolling bearing 
unit 100, a wheel 102 is attached through a stud 22 and is fastened 
using a wheel nut 101. An outer race 1 of the rolling bearing 
unit 100 forms a stationary member together with a knuckle member 
103 and is fixed to the inner peripheral surface of the. knuckle 
member 103 for supporting a suspension (not shown) attached to 
a car body (not shown) . Attached to the knuckle member 103 are 
an acceleration sensor 163 for detecting acceleration in the 
traveling direction of the vehicle and up and down and side to 
side directions of the vehicle and a rotation speed sensor 129b. 
The rotation speed sensor 129b is opposed to a sensor rotor 129b 
attached to an inner race 2A fitted to the hub 2 of the rolling 
bearing unit 100 (the hub 2 and the inner race 2Amake up a rotation 
member) for detecting the number of revolutions of the hub 2, 
namely, the wheel. The rolling bearing unit 100 having the 
rotation speed sensor 129b, the knuckle member having the 
acceleration sensor 163 (namely, knuckle unit) 103, and the wheel 
make up a wheel unit 110. 

The knuckle member 163 and the wheel unit 110 in the 
embodiment can be used to execute the vehicle control method shown 
in FIG. 41, FIG. 43. 

According to the vehicle control method using the rolling 
unit for axle support according to the embodiment, for example, 
when a trigger signal is generated in response to braking of the 



vehicle, the circumferential speed of the wheel is stored as the 
axle speed in response to a signal from the rotation speed sensor 
detected at the generation time of the trigger signal or before 
the generation time, the acceleration based on an acceleration 
signal output from the acceleration sensor is integrated from 
the detection time to find additional axle speed, the slip ratio 
is calculated from the additional axle speed and new detected 
circumferential speed of the wheel, and braking can be controlled 
based on the provided slip ratio. Thus, the slip ratio can be 
found with higher accuracy as compared with the related art of 
estimating the slip ratio only from the wheel rotation speed, 
so that braking of the vehicle can be controlled with higher 
accuracy . It is made possible to store the circumferential speed 
of the wheel in response to the signal from the rotation speed 
sensor detected at the braking reference time of the generation 
time of the trigger signal generated in response to braking of 
the vehicle or just before or just after the generation time, 
integrate the accelerationbasedon the acceleration signal output 
from the acceleration sensor from the braking reference time, 
and make a comparison between the integrated acceleration and 
the stored circumferential speed of the wheel to find the slip 
ratio of the wheel . Thus, the slip ratio can be found with higher 
accuracy as compared with the related art of estimating the slip 
ratio only from the wheel rotation speed, so that braking of the 
vehicle can be controlled with higher accuracy. 



[Description of insisting that the priority date is November 
26, 2002] 

(1) The variable names in the description are as follows: The 
angular acceleration Ae is axle angular acceleration co ' , the 
acceleration a is acceleration a, the inclination angle 0 is road 
surface gradient 0, the traveling acceleration A t is acceleration 
a*, the acceleration V e is axle angular acceleration co, and the 
wheel radius R is virtual radius r. 

(2) The symbols of the description are effective only for the 
description . 

Next, an acceleration sensor used in a sixth embodiment 
of the invention will be discussed with reference to FIG. 45. 
FIG. 45 is a sectional view to show the arrangement of the 
acceleration sensor. In the embodiment, different parts from 
those of the embodiment in FIG. 33 will be mainly discussed and 
components similar to those of the embodiment in FIG . 33 are denoted 
by the same reference numerals and will not be discussed again. 

Preferably, acceleration is detected for each wheel. A 
general acceleration sensor receives the effect of gravity if 
it is inclined only a little, and therefore is easily affected 
by the installation direction or position and outputs a signal 
corresponding thereto. Thus, preferably the output 

characteristics of the acceleration sensor at the running time 
or just before braking are corrected based on the wheel rotation 
speed and are previously stored in memory of a controller 60. 
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Further, if the road surface where the vehicle runs is 
inclined from back and forth or side to side, if the car body 
is inclined forward at the braking time, or if the car body is 
inclined from side to side at the cornering time, the acceleration 
sensor is affected accordingly. For example, after the brake 
is applied, output from a rotation speed sensor cannot be used 
to correct the effect of inclination of the car body or the road 
surface in the acceleration sensor unless the slip ratio can be 
found precisely. Then, it is desirable that an angular speed 
sensor for detecting the angular speed around the axle should 
be attached in the proximity of the axle and output errors of 
the acceleration sensor and the rotation speed sensor caused by 
the inclination should be corrected based on the detected angular 
speed. According to the correction, it is made possible to 
precisely integrate acceleration based on the signal from the 
acceleration sensor when a trigger signal is output as a brake 
switch is turned on, etc., or just before the trigger signal is 
output . 

In the control, it is sufficient to find the wheel rotation 
speed, the acceleration in the traveling direction, and the 
angular speed around the axle; if a three-axis acceleration sensor 
capable of detecting acceleration containing that in the lateral 
direction and that in the vertical direction or a three-axis 
angular speed sensor capable of detecting angular speed around 
the axle containing that in the traveling direction and that in 
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the vertical direction is used, control based on rotation and 
inclination of the car body is also made possible. 

For example, if the acceleration in the lateral direction 
relative to the traveling direction is integrated, the deviation 
speed in the lateral direction of the wheel is found. As the 
brake pressure is controlled so that the speed in the lateral 
direction is lessened as much as possible, the corning force can 
also be controlled. 

Further, to integrate acceleration when a trigger signal 
is output as the brake switch is turned on, etc., or just before 
the trigger signal is output, as for correction of an error caused 
by inclination in the back and forth or side to side direction 
of the car body or the road surface, the inclination of the car 
body or the road surface can be found according to the signals 
from vertical acceleration sensors provided in each wheel and 
the four corners of the car body and the output signal of the 
acceleration sensor or the rotation speed sensor can also be 
corrected based on the inclination. 

As shown in FIG. 45, two comparatively inexpensive 
acceleration sensor ICs are placed distance d away from center 
axis X and axial acceleration a is found and angular acceleration 
AG can be found from the following expression: 

A0 = (acceleration difference: a - (-a))/d 
= 2a 

Inthiscase, axial parallel move and inclinedmotion (around 
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the axis perpendicular to the plane of the figure) can be 
distinguished from each other. The angular acceleration AG can 
be integrated to find angular speed V0 and if the angular speed 
V0 is integrated, inclination angle 6 can be found. The 
inclination correction component of gravity acceleration g 

becomes g ■ sing 0. 

Thus, if a trigger signal is generatedat the start or braking 
time of the vehicle and the acceleration in the back-and-f orth 
direction is integrated, precise car body (wheel) speed can be 
calculated and precise calculation of the slip ratio is also 
accomplished. That is, before the trigger signal is generated, 
the wheel speed and the car body speed becomes equal and therefore 
with the wheel speed just before generation of the trigger signal 
as the reference car body speed, the acceleration in the 
back-and-forth direction integrated after generation of the 
trigger signal is subtracted from the reference car body speed, 
whereby precise axle speed Vt can be found. 

Since the wheels differ indirection and speed at the corning 
time of the vehicle, it becomes necessary to find the slip ratio 
of each wheel more precisely. To do this, it is advisable to 
contain an acceleration sensor in each bearing unit. In doing 
so, the precise reference wheel speed (V T ) of each wheel rather 
than the simple axle speed (Vt) can be found and the slit ratio 
of each wheel, X T , can be found in the following expression: 
= (V T - Vc) /V T 
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Here, how to find wheel radius R will be discussed. As 
a comparison is made between axle speed increment AVt and wheel 
rotation speed increment AV9, the wheel radius R can be measured 
in real time while the vehicle is running as follows: To begin 
with, the axle speed increment AVt and axle traveling acceleration 
At have the following relation: 
[Expression 154] 
ti 

AV t = \{At)dt 

where tl and t2 are arbitrary times. 

The axle speed increment AVt, the wheel rotation speed 
increment Av9, and the wheel radius R are represented by the 
following expression : 

R = AVt /AV6 

That is, the axle traveling acceleration At and the wheel 
rotation speed increment AV9 can be used to find the wheel radius 
R. 

Although the wheel radius R can also be found directly 
according to the following expression from the vehicle traveling 
acceleration At and wheel rotation angular speed A0, when At=0, 
AQ=0, the solution of the following expression cannot be found 
and therefore preferably calculation is performed based on the 
measurement value provided when acceleration of a given value 
or more occurs. Preferably, acceleration is measured in the range 
in which slip is small described above. Practically, it is 
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advisable to average a plurality of measurement value calculation 
results to avoid the effect of the slit ratio. 
R = At/A9 

Further, another method of finding the wheel radius R will 
be discussed. As a comparison is made between axle move distance 
increment ALt and wheel rotation angle increment AL0, the wheel 
radius R can be measured as follows: To begin with, the axle 
move distance increment ALt and the axle traveling acceleration 
At have the following relation: 
[Expression 155] 

12 

AL, =jj(At)dtdt 
n 

Further, the axle move distance increment ALt, the wheel 
rotation angle increment AL9, and the wheel radius R are 
represented by the following expression: 

R = AVt/AL0 

That is, the axle traveling acceleration At and the wheel 
rotation angle increment AL6 can be used to find the wheel radius 
R. 

For example, preferably the wheel radius R is repeatedly 
calculated with neither power nor the brake applied and is stored 
in memory and at the stop time, the wheel radius R stored just 
before the stop time is used to find the slip ratio X. An error 
caused by the inclination of the acceleration sensor is 0.4% when 
the inclination is five degrees, and thus is used for correction 
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as required. As the acceleration sensor, an acceleration sensor 
attached to the car body or an acceleration sensor attached to 
each wheel can be used. 

Since the wheel radius R can be thus found in real time, 
precise run speed Vt and run distance Lt can be found in the 
following expression from wheel rotation speed V0 : 

Vt = RV9 

Lt = RL0 

Further, if the wheel radius R can be found, whether or 
not the air pressure of the wheel is proper can be determined. 
For example, the wheel radius R when the air pressure is proper 
is previously stored in the memory and is compared with the wheel 
radius R found in real time during running. When the comparison 
result falls below a threshold value, if a warning is given, the 
driver can be informed that the air pressure of the wheel lowers, 
preventing a burst. For example, when the wheel radius is 300 
mm and the rim radius is 178 mm, it is considered that change 
in the wheel radius caused by a decrease in the air pressure of 
the wheel is in the neighborhood of 5%. 

Not only the signal from the brake switch, but also change 
in thewheel acceleration At orwheel circumferential acceleration 
Ac can be used as the trigger signal. For example, when the 
difference between the wheel acceleration At and the wheel 
circumferential acceleration Ac becomes a given value or more, 
if a return is made to the shift point in time and this point 
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in time is adopted as the trigger point in time, the need for 
using the brake signal is eliminated and therefore the trigger 
to find the slip ratio Xd at the driving time found in the following 
expression can be formed: 
Xd = 1 - (Vc/Vt) 

The wheel circumferential speed Vc can be differentiated 
to find the circumferential acceleration Ac, which can then be 
compared with the wheel acceleration At for controlling the brake 
pressure of each wheel. In this case, the slip ratio X can be 
found by integrating (Ac/At) and subtracting the result from 1 
(X = 1 - J (Ac/At)) and the slip ratio Xd at the driving time 
can be found by integrating (Ac/At) and subtracting 1 from the 

result (Xd = J (Ac/At) - 1) . 

According to the embodiment, the simple acceleration sensor 
is only attached in the proximity of each wheel, whereby precise 
control following the above-described expression for each wheel 
can be performed without receiving the effect of the suspension, 
etc. Since the control technique is similar to that in the related 
art, the. system in the related art can be used. 

Next, a seventh embodiment of the invention will be discussed 
with reference to FIG. 46. FIG. 4 6 is a sect ional view of a rolling 
bearing unit for axle support according to the seventh embodiment 
of the invention. In the embodiment, different parts from those 
of the embodiment in FIG . 4 6 will be mainly discussed and components 
similar to those of the embodiment in FIG. 4 6 are denoted by the 
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same reference numerals and will not be discussed again. At the 
right end of an outer race 1 in FIG. 4 6, a cover member 204 is 
attached. At the right end of an inner race 2Arotating integrally 
with a hub 2, a cylindrical sensor rotor 129b formed with openings 
with equal spacing in the circumferential direction is attached. 

Arotation speed sensor 127ahaving a detectionpart extended 
in the horizontal direction is attached to the cover member 204 
so as to face the openings of the sensor rotor 129b from the inside 
in the radius direction. A pair of acceleration sensors 163 is 
also attached to the cover member 204 so as to become symmetrical 
with respect to an axis as in the arrangement shown in FIG. 45. 
The rotation speed sensor 127a for detecting the wheel rotation 
speed and outputting a signal responsive to the detected speed 
and the acceleration sensor 163 for detecting acceleration in 
the traveling direction of the vehicle and outputting a signal 
responsive to the detected acceleration are connected to a 
controller not shown in FIG. 46. 
[Description of insisting that the priority date is January 20, 

2003] 

(1) The variable names in the description are as follows: The 
traveling acceleration A x is acceleration a x , the circumferential 
acceleration Ac is wheel angular acceleration co • , the 
circumferential speed V c is wheel angular speed q, the slip ratio 
X (Xd) is slip ratio S, and the speed V x is ground speed V. 

(2) The symbols of the description are effective only for the 
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description . 

Next , an eighth embodiment of the invention will be discussed . 
In the embodiment, as shown in FIGS. 47 to 49, a rotation speed 
detection sensor unit 5 forming number-of-revolutions detection 
means contains an acceleration sensor 61 (for detecting 
acceleration in a Z (for example, vertical) direction), an 
acceleration sensor 62 (for detecting acceleration in a Y (for 
example, horizontal back-and-f orth) direction), and an 
acceleration sensor 63 (for detecting acceleration in an X (for 
example, horizontal side-to-side) direction) so that their axes 
cross each other . The acceleration sensors 61 to 63 are connected 
to a controller 60. 

Here, in the embodiment, each acceleration sensor 61 to 
63 is placed within rim width W of a wheel rim 32 in a wheel 30, 
so that a detection error of the acceleration sensor particularly 
at the vehicle turning time can be suppressed drastically and 
high detection accuracy of the slip ratio can be provided. 

That is, each acceleration sensor 61 to 63 may be attached 
to any part of a rolling bearing unit for axle support only at 
the traveling time in a straight line, namely, needs to be attached 
to a specific part of the rolling bearing unit for axle support 
to prevent a detection error of the slip ratio from occurring 
at the turning time. 

Of course, ideally each acceleration sensor 61 to 63 is 
placed at the center of the wheel 30; in fact, however, a wheel 
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support part, a hub, and the like are placed at the center position 
of the wheel 30 and each acceleration sensor 61 to 63 is attached 
offset rather than to the center of the wheel as shown in FIG. 
47. It is difficult to attach the acceleration sensor to the 
center of the wheel particularly in a sub-wheel structure with 
two wheels combined such as a truck. 

Therefore, each acceleration sensor 61 to 63, which is 
provided for measuring the behavior of each wheel 30, is attached 
within the rim width of the wheel 30, whereby a detection error 
at the vehicle turning time can be suppressed drastically and 
high detection accuracy of the slip ratio can be provided. 

Each acceleration sensor 61 to 63 can output an electric 
signal corresponding to the magnitude of the acceleration along 
the axis and, for example, may use a piezoelectric element. The 
configuration of the acceleration sensor is well known and 
therefore will not be discussed in detail below. 

Not only a signal from a brake switch, but also change in 
acceleration At in the traveling direction of the wheel (axle) 
or wheel circumferential acceleration Ac can be used as a trigger 
signal. For example, when the difference between the 
acceleration At in the traveling direction of the wheel and the 
wheel circumferential acceleration Ac becomes a given value or 
more, if a return is made to the shift point in time and this 
point in time is adopted as the trigger point in time, the need 
for using the brake signal is eliminated and therefore the trigger 
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to find the slip ratio Xd at the driving time found in the following 
expression can be formed: 
Xd = 1 - (Vc/Vx) 

The wheel circumferential speed Vc can be differentiated 
to find the circumferential acceleration Ac, which can then be 
compared with the acceleration At in the traveling direction of 
the wheel for controlling the brake pressure of each wheel. In 
this case, the slip ratio X can be found by integrating (Ac/Ax) 
and subtracting the result from 1 (X = 1 - J (Ac/Ax) ) and the 
slip ratio Xd at the driving time can be found by integrating 
(Ax/Ac) and subtracting the result from 1 (Xd = 1 - J (Ax/Ac) ) . 

According to the invention, the simple acceleration sensor 
is only attached so that it is placed within the rim width of 
each wheel, whereby preci se control following the above-described 
expression for each wheel can be performed without receiving the 
effect of the suspension, etc. Since the control technique is 
similar to that in the related art, the system in the related 
art can be used. 

FIG. 50 is a sectional view of a rolling bearing unit for 
axle support according to a ninth embodiment of the invention. 
In the ninth embodiment, different parts from those of the eighth 
embodiment shown in FIG . 4 7 will bemainly discussed and components 
similar to those of the eighth embodiment are denoted by the same 
reference numerals and will not be discussed again. 

At the right end of an outer race 1 in FIG. 50, a cover 
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member 104 is attached. At the right end of a hub 2 in FIG. 50, 
a disk-like sensor rotor 129b formed with openings with equal 
spacing in the circumferential direction is attached. 

A rotation speed sensor 127a is attached to the cover member 
104 so as. to face the openings of the sensor rotor 129b. An 
acceleration sensor 163 is also attached to the cover member 104 . 
The rotation speed sensor 127a for detecting the rotation speed 
of a wheel 30 and outputting a signal responsive to the detected 
speed and the acceleration sensor 163 for detecting acceleration 
in the traveling direction of the wheel 30 and outputting a signal 
responsive to the detected acceleration are connected to a 
controller 60 (not shown) . 

Further, the acceleration sensor 163 is placed within rim 
width W of a wheel rim 32 in the wheel 30. 

Using the rolling bearing unit for axle support in the ninth 
embodiment, the controller 60 (not shown) executes the control 
operation shown in FIG. 49. 

FIG. 51 is a flowchart to execute a di fferent vehicle control 
method of the controller 60 using the rolling bearing unit for 
axle support shown in FIG. 47, FIG. 50. 

At step S201 in FIG. 51, the controller 60 receives a signal 
output in response to braking of the vehicle in real time and 
at step S202, watches whether or not which output signal exceeds 
a threshold value (a value predetermined by experiment, etc., 
and stored) . For example, if a brake unit B is operated in the 



vehicle installing the bearing unit for axle support in each 
embodiment described above, the output signal from the 
acceleration sensor 62 (163) for detecting the acceleration in 
the traveling direction of the wheel 30 exceeds the threshold 
value. Thus, the controller 60 determines that predetermined 
attitude change occurs in the vehicle to be braked, and generates 
a trigger signal at step S203. 

At the trigger signal generation time or just before the 
trigger signal generation time, the controller 60 continues to 
differentiate axle speed V© determined from the current wheel 
rotation speed determined based on a signal output from a 
displacement measurement element 27a and wheel circumferential 
speed Vc to find differentiation value (wheel circumferential 
acceleration) Ac (step S204). 

Further, the controller determines acceleration Ax in the 
traveling direction of the axle from the output signal from the 
acceleration sensor 62 (163) (step S205) and controls braking 
of each wheel based on the differentiation value Ac and the 
acceleration Ax in the traveling direction (step S206) . 

Thus, braking control is performed for each wheel, whereby 
ABS and TCS can be controlled with higher accuracy. The 
calculation of the slip ratio is executed until it is determined 
that the vehicle braking control is unnecessary (for example, 
the vehicle speed reaches zero in deceleration) at step S207. 
Then, at step S208, the reference speed stored in internal memory 



is reset. 

FIG. 52 is a sectional view of a knuckle unit and a wheel 
unit according to a tenth embodiment of the invention. In the 
tenth embodiment, different parts from those of the bearing unit 
according to the eighth embodiment shown in FIG. 47 will be mainly 
discussed and components similar to those of the bearing unit 
are denotedby the same reference numerals andwillnot be discussed 
again. 

In FIG. 52, at the left of a hub 2 of a rolling bearing 
unit 100 in the figure, a wheel disk part 31 of a wheel 30 is 
attached through a stud 22 with a disk rotor 35 forming a part 
of a braking unit between and is fastened using a wheel nut 101. 

An outer race 1 of the rolling bearing unit 100 forms a 
.stationary member together with a knuckle member 103 and is fixed 
to the inner peripheral surface of the knuckle member 103 for 
supporting a suspension (not shown) attached to a car body (not 
shown) . 

An acceleration sensor 163 for detecting acceleration in 
the traveling direction of the vehicle and up and down and side 
to side directions of the vehicle is attached to the inside of 
a hole of the knuckle member 103 and a rotation speed sensor 129b 
is attached to the inner peripheral surface of the knuckle member 
103. 

The rotation speed sensor 129b is opposed to a sensor rotor 
127A attached to an inner race 2A fitted to the hub 2 of the rolling 
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bearing unit 100 (the hub 2 and the inner race 2Amake up a rotation 
member) for detecting the number of revolutions of the hub 2, 
namely, the wheel 30. 

A wheel unit 110 is made up of the rolling bearing unit 
100 having the rotation speed sensor 129b, the knuckle member 
having the acceleration sensor 163 (namely, knuckle unit) 103, 
the braking unit containing the disk rotor 35, and the wheel 30. 
Further, the acceleration sensor 163 is placed within rim width 
W of a wheel rim 32 in the wheel 30. 

That is, the knuckle member 103 and the wheel unit 110 in 
the tenth embodiment can be used to execute the vehicle control 
method shown in FIG. 4 9 or FIG. 51. 

FIG. 53 is a sectional view of a rolling bearing unit for 
axle support according to an eleventh embodiment of the invention. 

In the eleventh embodiment, different parts from those of 
the eighth embodiment shown in FIG. 4 7 will be mainly discussed 
and components similar to those of the eighth embodiment are 
denoted by the same reference numerals and will not be discussed 
again. 

At the right end of an outer race 1 in FIG. 53, a cover 
member 204 is attached. At the right end of an inner race 2A 
rotating integrally with a hub 2, a cylindrical sensor rotor 129b 
formed with openings with equal spacing in the circumferential 
direction is attached. 

Arotation speedsensor 127a having a detectionpart extended 
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in the horizontal direction is attached to the cover member 204 
so as to face the openings of the sensor rotor 129b from the inside 
in the radius direction. A pair of acceleration sensors 163 and 
163 is also attached to the cover member 204 so as to become 
symmetrical with respect to an axis. 

The rotation speed sensor 127a for detecting the rotation 
speed of a wheel 30 and outputting a signal responsive to the 
detected speed and the acceleration sensor 163 for detecting 
acceleration in the traveling direction of the vehicle and 
outputting a signal responsive to the detected acceleration are 
connected to a controller 60 (not shown) . The acceleration sensor 
163 is placed within rim width W of a wheel rim 32 in the wheel 
30. 

Although the invention is described with reference to the 
embodiments, it is to be understood that the invention is not 
limited to the specific embodiments and that changes and 
improvements can be made in the invention as appropriate, of 
course . 

For example, for two-wheel drive, at the traveling time 
of the vehicle in a straight line, circumferential speed Vcf of 
a driven wheel is car body speed Vd and slip ratio Xd of a drive 
wheel is found from the car body speed Vd and circumferential 
speed Vcd of the drive wheel, whereby the slip ratio of the drive 
wheel can always be measured in real time. Accordingly, also 
at the driving time, a throttle valve can be closed and differential 
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control can be performed for performing traction control so that 
the ideal slip ratio is not exceeded. 

On the other hand, at the vehicle turning time, if the 
circumferential speed difference between the left and right driven 
wheels exceeds a given value, a return is made to 0 point in time 
and this point in time is adopted as the turning trigger point 
in time. The axle speed of the left and right driven wheels at 
the time is stored in memory and the axle speed of each wheel 
from the point in time is found by calculation (integration) using 
the output value from the acceleration sensor attached to each 
driven wheel , whereby the absolute speed of each axle can be found 
at all times and the slip ratio of each wheel can be measured 
at all times from the absolute speed and the circumferential speed 
of each wheel. 

In the embodiments described above, the case of a single 
wheel is taken as an example. However, the invention can also 
be applied to a sub-wheel structure (so-called double tires, 
etc.,) with a plurality of wheels combined such as a truck. In 
this case, the acceleration sensor is placed in the rim width 
between outer and inner rims with the plurality of wheels combined. 

According to the rolling bearing unit for axle support of 
the embodiment, the acceleration sensor is placed within the rim 
width of the wheel, so that a measurement error of the slip ratio 
in each wheel at the vehicle turning time can be suppressed and 
the detection accuracy of the slip ratio can be made higher. 
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[Description of insisting that the priority date is January 24, 
2003] 

The symbols of the description are effective only for the 
description . 

In a rolling bearing unit for axle support according to 
a twelfth embodiment of the invention, each acceleration sensor 
61 to 63 is placed within rim width W of a wheel rim 32 in a wheel 
30, as shown in FIG. 54. In second embodiment, each acceleration 
sensor 61 to 63 is placed within 150 mm (plus offset amount within 
150 mm) on the car body side (right in FIG. 55) along the axial 
direction from center line O of the rim width of the wheel rim 
32 in the wheel 30, as shown in FIG. 55. 

Thus, a detection error of the acceleration sensor 
particularly at the vehicle turning time can be suppressed 
drastically and high detection accuracy of the slip ratio can 
be provided. 

That is, each acceleration sensor 61 to 63 may be attached 
to any part of a rolling bearing unit for axle support only at 
the traveling time in a straight line, namely, needs to be attached 
to a specific part of the rolling bearing unit for axle support 
to prevent a detection error of the slip ratio from occurring 
at the turning time. 

Of course, ideally each acceleration sensor 61 to 63 is 
placed on the center line 30 of the wheel 30; in fact, however, 
a wheel support part, a hub, and the like are placed at the center 

140 



position of the wheel 30 and each acceleration sensor 61 to 63 
is attached offset rather than to the center of the wheel as shown 
in FIGS. 54 and 55. It is difficult to attach the acceleration 
sensor to the center of the wheel particularly in a sub-wheel 
structure with two wheels combined such as a truck. 

Therefore, each acceleration sensor 61 to 63, which is 
provided for measuring the behavior of each wheel 30, is attached 
within the rim width W of the wheel 30 as shown in the first 
embodiment, whereby a detection error at the vehicle turning time 
can be suppressed drastically and high detection accuracy of the 
slip ratio can be provided. 

The inventor et al. conducted various simulations with the 
acceleration sensor attachment positions changed in more detail , 
and found that each acceleration sensor canbe used at thepractical 
level if it is attached within a given range from the center line 
O of the wheel 30 rather than being attached to the center of 
the wheel 30 . 

Table 1 given below lists comparison of slip ratio errors 
at the turning time with the acceleration sensor attached changing 
the offset amount along the axial direction from the center line 
O of the rim width (200 mm) of the wheel 30. In Table 1, the 
double circle indicates the smallest error, the circle indicates 
the smaller error next to the double circle, and the triangle 
indicates the smaller error next to the circle, which are within 
the allowable range of slip ratio error, and X indicates that 



the error is beyond the allowable range. 



[Table 1] 



Axial offset amount 
(mm) from center line O 


-250 


-200 


-150 


-100 


-50 


0 


50 


100 


150 


200 


250 


Slip ratio error at turning 
time 


X 


X 


A 


0 


0 


© 


O 


O 


A 


X 


X 



As seen in Table 1, it can be acknowledged that the slip 
ratio error can be placed within the allowable range by placing 
the acceleration sensor within 150 mm (namely, the minus offset 
amount and the plus offset amount are each within 150 mm) on the 
outside and the car body side along the axial direction from the 
center line 0 of the wheel 30. 

Further, in a different embodiment, the acceleration sensor 
163 is placed within rim width W of a wheel rim 32 in a wheel 
30. In a fourteenth embodiment, each acceleration sensor 61 to 
63 is placed within 150 mm (plus offset amount within 150 mm) 
on the car body side (right in FIG. 56) along the axial direction 
from center line O of the rim width of a wheel rim 32 in a wheel 
30, as shown in FIG. 56. 

Using the rolling bearing unit for axle support in the 
fourteenth embodiment, a controller 60 (not shown) executes the 
control operation shown in FIG. 57. 

Further, in a fifteenth embodiment, each acceleration 

sensor 61 to 63 is placed within 150 mm (plus offset amount within 

150 mm) on the car body side (right in FIG. 57) along the axial 

direction from center line 0 of the rim width of a wheel rim 32 

in a wheel 30, as shown in FIG. 57. 

That is, knuckle member 103 and wheel unit 110 in the fifth 
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and sixth embodiments can be used to execute vehicle control 
method . 

In a sixteenth embodiment, each acceleration sensor 61 to 
63 is placed within 150 mm (plus offset amount within 150 mm) 
on the car body side (right in FIG. 58) along the axial direction 
from center line O of the rim width of a wheel rim 32 in a wheel 
30, as shown in FIG. 58. 

According to the rolling bearing unit for axle support of 
the embodiment, the acceleration sensor is placed within the rim 
width of the wheel or within 150 mm in the axial direction from 
the center line of the rimwidth of the wheel, so that a measurement 
error of the slip ratio in each wheel at the vehicle turning time 
can be suppressed and the detection accuracy of the slip ratio 
can be made higher. 

[Description of insisting that the priority date is January 31, 
2003] 

The symbols of the description are effective only for the 
description . 

FIG, 59 is a sectional view of a rolling bearing unit for 
axle support according to a seventeenth embodiment of the 
invention, and FIG. 60 is an enlarged view of the part indicated 
by arrow III in FIG. 59. 

In the seventeenth embodiment, components similar to are 
denoted by the same reference numerals and will not be discussed 
again. 
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In the seventeenth embodiment, as shown in FIGS. 59 and 
60, a rotation speed detection sensor unit 5 forming 
number-of-revolutions detection means contains an acceleration 
sensor 61 (for detecting acceleration in a Z (for example, 
vertical) direction), an acceleration sensor 62 (for detecting 
acceleration in a Y (for example, horizontal back-and- forth) 
direction), and an acceleration sensor 63 (for detecting 
acceleration in an X (for example, horizontal side-to-side ) 
direction) so that their axes cross each other; acceleration 
sensors each using a piezoelectric element are used as the 
acceleration sensors 61 to 63. 

That is, speed change that can be measured by the 
acceleration sensors 61 to 63 is minute and accuracy is required 
and therefore it is desirable that a high-accuracy semiconductor 
acceleration sensor, such as an acceleration sensor using a piezo 
element or piezoelectric element or a capacitance type 
acceleration sensor, should be used. 

However, if wiring is extended from a controller 60 of the 
car body to a vehicle unit below a spring of a suspension to which 
the acceleration sensors 61 to 63 are attached, the effect 
(distortion, noise, etc.,) of capacitance or wiring resistance 
change noise, etc., as the wiring moves whenever the car swings 
or turns is received, and the acceleration signal output from 
each acceleration sensor 61 to 63 to the controller 60 of the 
car body is displaced. 
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Then, in the seventeenth embodiment, acceleration signal 
processors 61A to 63A are attached to the wheel unit together 
with the acceleration sensors 61 to 63 andprocess the acceleration 
signals of the acceleration sensors 61 to 63 to the signals of 
the form not receiving the effect of deformation of the wiring 
and then output the provided signals to the controller 60 of the 
car body. 

Using the wheel unit in the seventeenth embodiment, the 
controller 60 can execute vehicle control method. 

That is, the acceleration signal undergoing processing of 
the corresponding acceleration signal processor 62A (not shown) 
from the acceleration sensor 62 in the seventeenth embodiment 
and output to the controller 60 of the car body does not receive 
the effect (distortion, noise, etc.,) of capacitance or wiring 
resistance change noise, etc., caused by motion (deflection) of 
the wiring when the car swings or turns, and the acceleration 
in the traveling direction of each wheel 30 can be detected 
precisely. For example, as the acceleration signal output from 
each acceleration sensor 61 to 63, an analog signal maybe converted 
into a digital signal or may be amplified before it is sent. 

The acceleration signal processors 61A to 63A can perform 
amplification processing, temperature insuring circuit, tire 
minute vibration removal filter, digitalization processing, etc., 
for the acceleration signals of the acceleration sensors 61 to 
63, thereby performing not only processing of converting into 
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the form not receiving the effect of motion of the wiring, but 
also processing of converting into the form not receiving any 
other effect of electromagnetic noise of the engine, temperature 
change, etc. 

The acceleration signal processors 61A to 63A can also be 
configured so as to transmit theprocessed signal to the controller 
60 of the car body by radio. 

Further, the processing power of the acceleration signal 
processors 61A to 63A may be supplied from the car body or may 
be supplied by electric power generation of wheel rotation. 

According to the seventeenth embodiment of the invention, 
the acceleration sensor and the acceleration signal processor 
are only attached to a stationary member of the wheel unit below 
the spring of the vehicle suspension, whereby precise control 
following the above-described expression for each wheel unit can 
be performed without receiving the effect of the suspension, etc. 
Since the control technique is similar to that in the related 
art, the system in the related art can be used. 

FIG. 61 is a sectional view of a wheel unit according to 
an eighteenth embodiment of the invention. 

In the eighteenth embodiment, different parts from those 
of the seventeenth embodiment shown in FIG. 60 will be mainly 
discussed and components similar to those of the seventeenth 
embodiment are denoted by the same reference numerals and will 
not be discussed again. 



In FIG. 61, at the left of a hub 2 of a rolling bearing 
unit 100 in the figure, a wheel disk part 31 of a wheel 30 is 
attached through a stud 22 with a disk rotor 35 forming a part 
of a braking unit between and is fastened using a wheel nut 101. 

An outer race 1 of the rolling bearing unit 100 forms a 
stationary member together with a knuckle member 103 and is fixed 
to the inner peripheral surface of the knuckle member 103 for 
forming a spring bottom of a suspension (not shown) attached to 
a car body (not shown) . 

An acceleration sensor 163 for detecting acceleration in 
the traveling direction of the vehicle and up and down and side 
to side directions of the vehicle is attached to the inside of 
a hole of the knuckle member 103 and a rotation speed sensor 127a 
is attached to the inner peripheral surface of the knuckle member 
103. 

The rotation speed sensor 127a is opposed to a sensor rotor 
129b attached to an inner race 2A fitted to the hub 2 of the rolling 
bearing unit 100 (the hub 2 and the inner race 2Amake up a rotation 
member) for detecting the number of revolutions of the hub 2, 
namely, the wheel 30. 

A wheel unit 110 is made up of the rolling bearing unit 
100 having the rotation speed sensor 127a, the knuckle member 
having the acceleration sensor 163 (namely, knuckle unit) 103, 
the braking unit containing the disk rotor 35, and the wheel 30. 

Further, in the eighteenth embodiment, as shown in FIG. 
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61, an acceleration signal processor 163Ais attached to the inside 
of the hole of the knuckle member 1 03 together with the acceleration 
sensor 163 and processes the acceleration signal of the 
acceleration sensor 163 to the signal of the form not receiving 
the effect of deformation of the wiring and then outputs the 
provided signals to a controller 60 (not shown) of the car body. 

Using the wheel unit 110 in the eighteenth embodiment, 
vehicle control method can also be executed. 

That is, the acceleration signal undergoing processing of 
the acceleration signal processor 163A from the acceleration 
sensor 163 in the eighteenth embodiment and output to the 
controller 60 of the car body does not receive the effect 
(distortion, noise, etc.,) of capacitance or wiring resistance 
change noise, etc., caused by motion (deflection) of the wiring 
when the car swings or turns, and the acceleration in the traveling 
direction of the wheel 30 and the acceleration in the up and down 
and side to side directions of the vehicle can be detected 
precisely. 

The acceleration signal processor 163A can perform 
amplification processing, temperature insuring circuit, tire 
minute vibration removal filter, digitalization processing, etc., 
for the acceleration signal of the acceleration sensor 163, 
thereby performing not only processing of converting into the 
form not receiving the effect of motion of the wiring, but also 
processing of converting into the form not receiving any other 
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effect of electromagneticnoise of the engine, temperature change, 
etc . 

The acceleration signal processor 163A can also be 
configured so as to transmit the processed signal to the controller 
60 of the car body by radio. 

Further, the processing power of the acceleration signal 
processor 163Amay be supplied from the car body or may be supplied 
by electric power generation of wheel rotation. 

According to the rolling bearing unit for axle support of 
the embodiment, the acceleration signal output from the 
semiconductor acceleration sensor is processed to the signal in 
the form not receiving the effect of deformation of the wiring 
and then is output to the controller of the car body by the 
acceleration signal processor attached to the stationary member 
of the wheel unit below the spring of the vehicle suspension 
together with the acceleration sensor. 

That is, althoughhigh-accuracy semiconductor acceleration 
sensor such as an acceleration sensor using a piezo element or 
piezoelectric element or a capacitance type acceleration sensor 
is attached to the stationary member of the wheel unit below the 
spring of the vehicle suspension moving at all times, the signal 
output to the controller of the car body does not receive the 
effect (distortion, noise, etc.,) of capacitance or wiring 
resistance change noise, etc., caused by motion (deflection) of 
the wiring when the car swings or turns, and the acceleration 

149 



in the traveling direction of each wheel can be detected precisely. 

The acceleration signal processor can perform 
amplification processing, temperature insuring circuit, tire 
minute vibration removal filter, digitalization processing, etc., 
for the acceleration signal, thereby performing not only 
processing of converting into the form not receiving the effect 
of motion of the wiring, but also processing of converting into 
the form not receiving any other effect of electromagnetic noise 
of the engine, temperature change, etc. 

[Description of insisting that the priority date is February 3, 
2003] 

(1) The variable names in the description are as follows: The 
traveling speed V x is ground speed V, the tire radius R is tire 
real radius R, the tire radius r is virtual radius r, the rotation 
angular speed V 0 is wheel angular speed co, the traveling 
acceleration A x is acceleration a x , the rotation angular 
acceleration Ae is wheel angular acceleration co 1 , and the slip 
ratio X is slip ratio S. 

(2) The symbols of the description are effective only for the 
description . 

Next, an embodiment of a slip ratio measurement method and 
a vehicle control method according to the invention will be 
discussed. 

To begin with, a slip ratio measurement method will be 
discussed. 
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When a tire of a wheel firmly grips the road surface and 
rotates, creep occurs between the surface of the tire and the 
road surface. Thus, even when a real slip does not occur, the 
circumferential speed as the tire rotates appears to be higher 
than the traveling speed of the car body at the driving time and 
appears to be lower than the traveling speed of the car body at 
the braking time. The speed difference is caused by the creep. 

Usually, if the speed difference is within the range of 
about ±20%, the tire grips the road surface. That is, when the 
slip ratio is a value in the neighborhood of 0.2 caused 
substantially only by the creep ratio, the drive force or braking 
force is transmitted from the tire to the road face and grip is 
provided; if the slip ratio exceeds the value, a real slip occurs 
and it becomes difficult to stably control the vehicle. 

In the invention, three types of measurement methods are 
proposed based on the viewpoint that the slip ratio is made up 
of the creep ratio and the real slip ratio . In the specification, 
the three measurement methods are called (1) differentiation 
method, (2) integration method, and (3) combining method for 
convenience, which will be discussed below in order. To execute 
the methods, preferably at least a wheel unit including an 
acceleration sensor and a rotation sensor for each wheel (the 
-two sensors are collectively called slip sensor) , a' rolling 
bearing unit for axle support (called slip sensor bearing), or 
a vehicle (called slip control system) as described above is used . 
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(1) Differentiation method 

To begin with, the tire radius of each wheel is found in 
a state in which creep and a real slip do not occur, namely, the 
slip ratio is substantially almost zero. That is, at the 
preliminary running time of the vehicle as the drive force or 
braking force does not act on the tire in the wheel, tire radius 
R is found using basic expression "wheel traveling speed Vx is 
found by multiplying the tire radius R by tire rotation angular 
speed V9, " namely, expression (246) given below and expression 
(247) "wheel traveling acceleration Ax is found by multiplying 
the tire radius R by tire rotation angular acceleration A9 . " 

Here, preferably the preliminary running of the vehicle 
is the running state in which the vehicle runs on a f latland with 
a road gradient of -4 degrees to +2 degrees at low speed of 4 
km/h or less with low acceleration of 0.05 G or less, for example . 

[Expression 156] 

V x = RV0 • • • (24 6) 

[Expression 157] 

A x - RAO ■ • • (247) 

In expressions (246) and (247), the preliminary traveling 
acceleration Ax and the preliminary rotation angular speed V9 
at the preliminary running time are detected and found from the 
acceleration sensor and the rotation sensor attached to the wheel . 
Further, the preliminary rotation angular acceleration A9 is found 
by differentiating the preliminary rotation angular speed V9 in 
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expression (246). Thus, in expression (247), the preliminary 
traveling acceleration Ax and the preliminary rotation angular 
acceleration A9 are determined and the precise tire radius R is 
found. The tire radius R found here is temporarily stored in 
memory (for example, storage unit shown in FIG. 59) . 

Further, the tire radius R and the preliminary rotation 
angular speed V0 can be assigned to expression (246) to find the 
precise preliminary traveling speed Vx . 

After the wheel tire radius R is found at the preliminary 
running time, apparent tire radius r found by assuming that the 
slip ratio is zero is found at the real running time as the drive 
force or braking force acts actually on the tire, and wheel slip 
ratio X is found from the ratio between the apparent tire radius 
r and the tire radius R found at the preliminary running time, 
r/R. 

The speed difference occurs between the circumferential 
speed as the tire rotates and the traveling speed of the car body 
at the real running time. If the speed difference is replaced 
with zero (namely, the slip ratio is zero) and the tire radius 
is assumed to change, the apparent tire radius r can be found 
using the following expressions (248) and (249) assuming the tire 
radius R in expressions (246) and (247) to be the apparent tire 
radius r: 
[Expression 158] 

V x - rV6 (248) 
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[Expression 159] 

A x = rA6 ■•• (249) 

In expressions (248) and (249), the real traveling 
acceleration Ax and the real rotation angular speed VG at the 
real running time are detected and found from the acceleration 
sensor and the rotation sensor attached to the wheel. Further, 
the real rotation angular acceleration AG is found by 
differentiating the real rotation angular speed V0 in expression 
(248). Thus, in expression (249), the real traveling 
acceleration Ax and the real rotation angular acceleration AG 
are determined and the apparatus tire radius r is found. 

Further, the tire radius r and the real rotation angular 
speed V0 can be assigned to expression (248) to find the precise 
real traveling speed Vx . 

The ratio between the apparatus tire radius r and the tire 
radius R found at the preliminary running time represents the 
degree of the difference between the tire rotation speed and the 
car body speed, namely, indicates the degree of slip (creep plus 
real slip) . Therefore, the slip ratio X is found according to 
the following expression (250) : 
[Expression 160] 

r/R = 1 ±\ (250) 
According to the differentiation method described above, 
measurement can always be conducted for each wheel in real time 
at any of the traveling time in a straight line, the turning time, 
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the acceleration time, the deceleration time, the time of going 
up a hill, or the high-speed time regardless of the front wheel, 
the rear wheel, drive wheel, the driven wheel, or the steering 
wheel of the vehicle, and the slip ratio can be found with high 
accuracy. Therefore, stable running of the vehicle can be 
maintained. 
(2) Integration method 

To begin with, the tire radius R at the preliminary running 
time of the vehicle is found using expressions (246) and (247) 
mentioned above and further using the following expression (251) 
of integrating expression (247) per unit time A: 
[Expression 161] 

AV X = RAV9 • (251) 

Here, the preliminary traveling acceleration Ax and the 
preliminary rotation angular speed V9 at the preliminary running 
time are detected and found from the acceleration sensor and the 
rotation sensor attached to the wheel as in the differentiation 
method described above. Further, the preliminary rotation 
angular acceleration A9 is found by differentiating the 
preliminary rotation angular speed V0 in expression (246) . The 
preliminary traveling acceleration Ax and the preliminary 
rotation angular acceleration A0 thus found are assigned to 
expression (247) and integration is performed, whereby increment 
of preliminary traveling speed, AVx, shown in expression (251) 
and increment of the preliminary rotation angular speed, AVG, 
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are calculated, whereby the precise tire radius R is found. Since 
the tire radius R found here is calculated from the integration 
value in the unit time A, errors of variations in the data within 
the integration unit time A are averaged. The tire radius R found 
here is temporarily stored in the memory. 

Further, the tire radius R and the preliminary rotation 
angular speed V9 can be assigned to expression (246) to find the 
precise preliminary traveling speed Vx. 

After the wheel tire radius R is found at the preliminary 
running time, apparent tire radius r found by assuming that the 
slip ratio is zero is found at the real running time, and wheel 
slip ratio X is found from the ratio between the apparent tire 
radius r and the tire radius R found at the preliminary running 
time, r/R, as in the differentiation method described above. 

In the integration method, the apparent tire radius r is 
found using expressions (248) and (249) mentioned above and the 
following expression (251) of integrating expression (249) per 

unit time A: 
[Expression 162] 

AV X = rAVO (252) 
Here, the real traveling acceleration Ax and the real 
rotation angular speed V0 at the real running time are detected 
and found from the acceleration sensor and the rotation sensor 
attached to the wheel as in the differentiation method described 
above. Further, the real rotation angular acceleration A0 is 
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found by differentiating the real rotation angular speed V6 in 
expression (248) . The real traveling acceleration Ax and the 
real rotation angular acceleration AG thus found are assigned 
to expression (249) and integration is performed, whereby 
increment of real traveling speed, AVx, shown in expression (252) 
and increment of the real rotation angular speed, AV0, are 
calculated, whereby the apparent tire radius r is found. Since 
the apparent tire radius r found here is calculated from the 
integration value in the unit time A, errors of variations in 
the data within the integration unit time A are averaged. 

Further, the tire radius r and the real rotation angular 
speed V9 can be assigned to expression (248) to find the precise 
real traveling speed Vx. 

The apparent tire radius r thus found and the tire radius 
R found at the preliminary running time can be assigned to 
expression (250) to find the slip ratio X as in the differentiation 
method . 

According to the integration method described above, 
measurement can always be conducted for each wheel in real time 
at any of the traveling time in a straight line, the turning time, 
the acceleration time, the deceleration time, the time of going 
up a hill, or the high-speed time regardless of the front wheel, 
the rear wheel, drive wheel, the driven wheel, or the steering 
wheel of the vehicle, and the slip ratio can be found with high 
accuracy. Therefore, stable running of the vehicle can be 
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maintained. Since errors of variations of the tire radius R and 
the apparatus tire radius r are averaged, the slip ratio per unit 
time can be found more precisely. 
(3) Combining method 

The combining method is used preferably when the vehicle 
has driven wheels. Here, the case where a vehicle having two 
driven wheels and two drive wheels is used will be discussed. 

Letting one of the driven wheels be i, the other of the 
driven wheels be ii, one of the drive wheels be iii, and the other 
of the drive wheels be iv, the preliminary traveling speed Vx 
of each wheel at the preliminary running time is represented by 
the following expression (253) from expression (245) given above : 
[Expression 163] 

V x = Rye, = R u V0 u = R m V0 m = R iv V0 iv ■ • • ( 253 ) 

From this expression (253), assuming that the tire radius 
Ri of the driven wheel i is the reference radius, the tire radiuses 
Rii, Riii, and Riv of other wheels are found as the following 
expression (254) where V0i, V9ii, VGiii, and V0iv are the 
preliminary rotation angle speed of the tires: 
[Expression 164] 

Ri = reference radius 
. .Rn - Ri (VOi/VOn) 
Rm = Rs (V0i/V0iii) 

Ri V = Ri (V0i/V0 iv ) (254) 

The tire radiuses Ri, Rii, Riii, and Riv thus found are 
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temporarily stored in the memory. 

Next, wheel rotation speed difference is found using 
apparent tire radiuses ri, rii, riii, and riv at the real running 
time of the vehicle. 

Real traveling speed Vxi, Vxii, Vxiii, and Vxivof the wheels 
at the real running time are represented by the following 
expression (255) using expression (248) given above. The 
rotation angle speed of the tires V9i, VGii, VGiii, and V0iv can 
be detected by the rotation sensors attached to the wheels. 
[Expression 165] 

Vj = riVOi 

V di = raVOn 

Vm = rmVOni 

V iv --rivVftv ••• (255) 

Since the driven wheel does not involve a slip at any time 
other than the braking time, the apparent radiuses ri and rii 
do not change. That is, the apparent tire radiuses ri and rii 
of the driven wheels are equal to the tire radiuses Ri and Rii 
in expression (254) given above. 
[Expression 166] 
r d = Ri 

xu = Ra •••(256) 
At the traveling time of the vehicle in a straight line, 
the wheels are equal in real traveling speed. Therefore, from 
expression (255) given above, the apparent radiuses riii and riv 
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of the drive wheels are found as the following expression (257) : 
[Expression 167] 

r m = ive m = rye, ivo m = Rye t ive m ... ( 257 ) 

r iv = v* ive iv = rye, ive iv = R t ve t ive iv 

At the turning time of the vehicle, the wheels differ in 
real traveling speed and therefore expression (257) does not hold. 

As for the driven wheels, expression (256) holds and 
therefore the real traveling speed at the turning time can be 
found from expression (255) . 

As for the drive wheels, real traveling acceleration Axiii, 
Axiv is integrated from the turning start time and the result 
is added to the real traveling speed (equal to Vxi) at the traveling 
time in a straight line just before the turning start to calculate 
the real traveling speed at the turning time (non-stationary 
traveling speed) Vxiii, Vxiv as shown in the following expression 
(258) : 
[Expression 168] 
V =V ■ + [A ... 

— " J *" •••(258) 

As the turning start time, the real rotation speed provided 
by integrating the real rotation angular speed of the wheel is 
observed and the time when the speed difference occurring between 
the left and right wheels exceeds a setup value is determined 
the turning start. At the turning start time, a turning trigger 
signal may be generated and integrating of the real traveling 

160 



acceleration Axiii, Axiv may be started at the generation time 

of the trigger signal. 

From expressions (255), (256), and (258) given above, the 
apparent tire radiuses riii and riv of the drive wheels at the 
turning time are found according to the following expression 
(259) : 
[Expression 169] 

riii = V xi ii/V#iii 

r iv = V xiv /V0 iv ••• (259) 

Thus, the apparatus tire radius r at the real running time 
is divided by the tire radius R at the preliminary running time 
at which a slip (creep) scarcely occurs, whereby the rotation 
speed difference to grasp the slip difference between the wheels 
is found. The driven wheel ratio is r/R = 1. 

Considering that the wheels and the car body are elastically 
joined, processing similar to that at the turning time may be 
performed also at the traveling time of the vehicle in a straight 
line if the wheels become different in traveling acceleration. 

At the braking time of the vehicle, the braking force also 
acts on the driven wheel and creep occurs and the apparatus tire 
radius becomes small . Therefore, without using the driven wheel 
as the reference, the traveling acceleration of each axle is 
integrated starting at the brake trigger time and the result may 
be added to the previous traveling acceleration of the axle to 
find the non-stationary traveling speed of the axle. 
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The traveling acceleration of each axle is integrated for 
one second at a time one after another (in a cascade manner), 
for example, at 0.1-second intervals at all times and the result 
is added to the traveling acceleration of each axle before the 
integration start to find the non-stationary traveling speed at 
the time and if the difference between the non-stationary 
traveling speed of the driven wheel used as the reference and 
the non-stationary circumferential speed of the driven wheel 
becomes a given value or more, the integration start point in 
time may be adopted as the brake trigger. For each axle, the 
integration from the integration start point in time is continued 
and the non-stationary traveling speed of the axle found by the 
integration is used. Then, if the difference between the 
non-stationary traveling speed of the driven wheel used as the 
reference and the non-stationary circumferential speed of the 
driven wheel becomes given value or less, the state is restored 
to the former state. Thus, the ratio between the apparent tire 
radius and the real tire radius R, r/R, is observed, whereby the 
degree of the rotation difference is determined and the degree 
of slip (slip ratio) is determined. 

According to the combining method described above, 
measurement can always be conducted for each wheel in real time 
at any of the traveling time in a straight line, the turning time, 
the acceleration time, the deceleration time, the time of going 
up a hill, or the high-speed time regardless of the front wheel, 
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the rear wheel, drive wheel, the driven wheel, or the steering 
wheel of the vehicle, and the slip ratio can be found with high 
accuracy. Therefore, stable running of the vehicle can be 
maintained. In the combining method, the tire radius of the drive 
wheel can be found using the driven wheel as the reference, so 
that the slip ratio, etc., can be found with high accuracy without 
particularly using a sensor of high resolution. 

Any of (1) differentiation method, (2) integration method, 
or (3) combining method is used, whereby the precise slip ratio 
considering creep for each wheel canbe found from the ratiobetween 
the apparent tire radius and the real tire radius. 

In themethod described above, whether the tire radius ratio 
r/R is smaller or greater than 1 is checked, whereby whether the 
wheel is in an acceleration or deceleration state can be determined. 
If the tire radius ratio r/R is smaller than 1, the wheel is in 
the deceleration state (braking state) ; if the tire radius ratio 
r/R is greater than 1, the wheel is in the acceleration state 
(drive state) . 

Next, a vehicle control method of controlling braking of 
a vehicle using the slip ratio will be discussed. 

The slip ratio in which the creep ratio reaches the maximum 
(called the limit slip ratio) generally is about 0.2 (20%). 
However, the value changes depending on the contact state with 
the road surface and is not necessarily be 20%. The large creep 
ratio means the state in which the grip force of the wheel and 
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the road surface works accordingly and thus braking in a state 
in which the creep ratio is large as much as possible provides 
a large braking force. Then, if a real slip is about to occur 
exceeding creep, as the brake force is controlled so that the 
slip ratio always becomes a value less than and close to themaximum 
value of the creep ratio, the real slip can be prevented from 
occurring and the maximum braking force can be provided. 

For example, when the vehicle is braked suddenly, 
acceleration of large deceleration acts on each wheel. At the 
time, if the slip ratio of the wheel also "increases" in association 
with "increase" in the acceleration of deceleration, the wheel 
is involved in the deceleration. However, if any wheel starts 
actually (really) to slip, the slip ratio "suddenly increases" 
in contrast to "increase" in the acceleration of deceleration 
or "increases" in contrast to "decrease" in the acceleration of 
deceleration. The wheel does not serve any longer for braking. 
From the state, braking of the wheel is a little relieved, raising 
the braking force. 

To perform this control, the slip ratio just before the 
slip ratio suddenly increases is adopted as the limit slip ratio 
and brake control is performed in the ratio. As the brake is 
a little relieved, the slip ratio decreases and the grip force 
can be maintained so that no real slip occurs. As a method of 
determining the limit slip ratio, the slip change rate per unit 
time of the slip ratio is calculated at all times and it is 
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determined that the time when the slip ratio suddenly increases, 
namely, the slip change rate becomes large exceeding any desired 
change rate is the time at which the wheel starts to slip. At 
the time, if "decrease 11 in the slip ratio of the wheel starts 
to be associated with "decrease" in the acceleration of 
deceleration, the brake force is raised. Here, the desired change 
rate used as the determination material may be previously found 
by experiment, etc. 

Accordingly, the wheel canbe stoppedat the shortest braking 
distance on any road surface. 

Likewise, to prevent a side slip, if brake control is 
performed in the limit slip ratio, the side slip can also be 
minimized. 

As a specific example, assuming that the minimum slip ratio 
is 10% and the maximum slip ratio is 25%, the ratio of slip ratio 
X to traveling distance Ax of each wheel, A,/Ax, or change rate 
dX/dAx is checked from the brake trigger time with the maximum 
value 25% in the range as the target value. Sudden increase of 
X,/Ax is, for example, 10%, 20%, 50%, etc., and sudden increase 
of dX/dAx is, for example, twice, five times, 10 times, 20 times, 
etc., in determination. 

The slip ratio can also be used to estimate road surface 
reaction . 

Road surface reaction Fx is the force in the traveling 
direction imposed on an axle and is proportional to the slip ratio 
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X almost as in the following expression (259) : 
[Expression 170] 

F x =K t ^F z X (260) 
Ke depends almost on the nature of the surface of a tire 
and generally is about 0.2. 

According to expression (259), if the wheels are the same 
in road friction coefficient \x and the vertical load imposed on 
the road surface, the degree of the road surface reaction Fx of 
each wheel can be estimated from the slip ratio. 

Assuming that the road friction coefficient \x and the car 
body load do not change, the change percentage of the vertical 
load imposed on the road surface of each wheel is found by back 
and force, side to side, and up and down acceleration sensors 
on the car body, whereby the degree of the road surface reaction 
Fx of each wheel at the time of "acceleration," "deceleration," 
"sudden acceleration," " sudden deceleration, " "turning" can be 
estimated from the slip ratio. 

In this case, further if each road surface reaction Fx is 
multiplied by each tire radius, the degree of the drive torque 
of each wheel can be estimated. 

The slip ratio can also be used to perform stability control . 
The above-described vehicle control method is also 
effective for stability control of preventing slide deflection 
and wheel spin at a curve and on a road surface where a slip easily 
occurs because a slip can be prevented for each wheel and the 
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wheel itself can be maintained in a state in which an actual slip 

does not occur. 

For example, a G (acceleration) sensor is provided on the 
car body and lateral G (acceleration) , inclination angle, and 
turning angle are found. If any of thembecomes an abnormal state, 
the engine throttle is closed (opened) , the brake required for 
each wheel is applied (relieved), the clutch is disconnected 
(connected), and active suspension is adjusted for performing 
attitude control. At the time, the throttle, the brake, and the 
clutch can be controlled so that the slip ratio measured from 
the acceleration sensor and rotation sensor for each wheel does 
not become beyond the limit slip ratio (in which an actual slip 
occurs) . 

Since the slip ratio of each wheel is always known before 
the limit is reached, how much an allowance exists until the limit 
is reached can be predicted and acceleration or deceleration can 
be controlled earlier accordingly. 

Since the slip ratio is almost proportional to the road 
surface reaction before the limit slip ratio, the power (drive 
torque) can be controlled matching the allowance amount of the 
slip ratio. Accordingly, the real slip of a tire can basically 
be eliminated, so that abnormal car body deflection can be 
suppressed. The allowance amount of the slip ratio is known and 
optimum power control can be performed in advance. 

The slip ratio can also be used to detect a heavily uneven 
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road surface. 

For example, a vibration sensor for measuring longitudinal 
vibration is placed on the axle, the waveform of vibration (width 
and height) is observed in contrast to the wheel rotation speed, 
the tire trace distance is estimated, the slip ratio is found 
from the trace speed and the tire circumferential speed, and brake 
control, engine throttle control, speed control, etc., can be 
performed within the range of the limit slip ratio for preventing 
an abnormal running state from occurring. 

To use the above-described slip ratio measurement method, 
if the real radius of the tire changes, the apparent tire radius 
is not restored to if acceleration is stopped. Thus, whether 
the real radius of the tire changes or the tire radius appears 
to change simply because of creep can be determined. If the 
apparent tire radius is restored to, it can be determined that 
the tire radius appeared to change because of creep. 

When change in the apparent tire radius is fierce (when 
tire radius abnormal area is entered) , there is a possibility 
of a tire blowout and thus it is determined a tire blowout and 
control maybe performed so as to close an accelerator throttle. 
Although the throttle is closed, if the apparent radius tire is 
not restored to the former state to some extent (when it does 
not exit from the tire radius abnormal area) , a warning is given 
and (low-speed, constant-speed driving is entered) and the driver 
is prompted to stop driving the vehicle. Here, the tire radius 
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abnormal area refers to an area in which the apparent tire radius 
decrease rate of any one wheel (1-r/R) is larger than the apparent 
tire radius decrease amount of another wheel. For example, it 
is 10% or more between 2 and 5 seconds, 5% or more between 5 and 
20 seconds, etc. Alternatively, the tire radius abnormal area 
refers to an area in which the apparent tire radius decrease amount 
of any single wheel (1 - r/R) is large. For example, it is 5% 
or more for 60 seconds or more. 

If the apparent tire radius decrease rate is 3% or more 
for a long term (for example, 5 minutes or more, 10 minutes or 
more), it is assumed that the tire radius decrease is caused by 
change in superimposed load, display, etc., is produced, and again 
the real radius may be measured. However, measurement should 
be conducted af ter waitinguntil themeasurement conditions become 
complete. 

When the acceleration changes (when either of Ax and A9 
changes a given amount or more), the wheel slip ratio changes 
and the apparent tire radius r also changes. Thus, it is 
appropriate to integrate output of the acceleration sensor from 
the immediately preceding speed to find the speed and find the 
apparent tire radius r from the speed. 

In the differentiation method and the integration method 
described above, the slip ratio can be found more precisely using 
the high- resolution acceleration sensor . As the high-resolution 
acceleration sensor, a sensor of high resolution (for example, 
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the resolution is 1/10000 of the maximum measurement value) can 
be used or two sensors of normal resolution (for example, the 
resolution is 1/1000 of the maximum measurement value) different 
in the maximum measurement value can be used and if the sensor 
with the smaller maximum measurement value scales out, the sensor 
can be switched to the sensor with the larger maximum measurement 
value for use (the resolution is 1 mG or less, preferably 0.5 
mG, 0.2 mG or less) . 

The acceleration sensor used here is a sensor that can 
measure acceleration from frequency of 1000 Hz or less or 100 
Hz or less to frequency at the stationary acceleration time with 
almost no vibration to find the speed of an automobile unlike 
a general vibration sensor to measure vibration. 

For a vibrationnoise filter, when the acceleration is large, 
the responsivity may be made fast; when the acceleration is small, 
the responsivity may be made small. For example, when the 
acceleration is 0.1 G or more, the responsivity may be 50 Hz, 
20 ms or more; when the acceleration is 0.1 G or less, the 
responsivity may be 10 Hz, 100 ms or less. 

As the high-resolution rotation sensor used, an active 
sensor for detecting a magnetic encoder with a Hall element is 
appropriate for a wheel. As the magnetic encoder, preferably 
a magnetic encoder with a small pitch error (1.0% or less, 0.5% 
or less, more preferably 0.1% or less) may be used. To do this, 
although a rubber magnet may be used, a plastic working magnet 
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(iron chrome cobalt magnet) that can be worked with high accuracy 
or magnetized with high accuracy, a metal magnet (manganese 
aluminum carbon magnet, etc.,), a plastic magnet ( a magnet having 
ferrite and neodymium Nd-Fe-B mixed into plastic) , etc. , can be 
used preferably. 

If high accuracy is hard to provide (ferrite rubber magnet 
encoder, etc.,), a pitch error of one revolution is previously 
stored in memory and is used while an error correction is made, 
whereby high accuracy can be insured. To make correction at the 
initial time of running, data of several revolutions is averaged 
or correction is made from pattern recognition. At the time, 
pitch is shifted, for example, 10% or 50% only at one point and 
if correction is made with the point as the reference, processing 
is facilitated. 

The non-detection face of the ferrite rubber magnet encoder 
is shaped like a cylinder or a disk and is magnetized 20 to 60 
pulses (NS = one pulse) alternatingly like NSNS in the 
circumferential direction. The ferrite rubber magnet is 
inexpensive, but is hard to provide magnetization accuracy. 
However, it is made unequal pitches, whereby high accuracy is 
provided. An unequal pitch encoder for detection the wheel 
rotation speed of an automobile is as follows: 

(1) Rubber magnet bonded with ferrite powder. 

(2) Baked to a magnetic board. 

(3) Molded as isotropy in a vertical magnetic field at the baking 
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time . 

(4) Magnetized alternat ingly like NSNS vertically after mold. 

(5) Having at least one reference pitch (calibration pitch is 
calibrated with the reference pitch as the reference) . 

(6) Having a plurality of calibration pitches. 

(7) Error of each calibration pitch from the center value is 
2% or less of pitch. 

(8) The reference pitch deviates 5% or more of pitch from the 
center value of the calibration pitch. 

The unequal pitch encoder thus made is rotated and an error 
of each calibration pitch is read based on the time lag from the 
reference value and is stored. When the encoder is used, it is 
corrected based on the error for use. 

The magnetic encoder may be reinforced with a magnetic board 
attached to the rear . Preferably, the magnetic encoder is fitted 
into the inside of a cylinder part of a holder for support to 
prevent facture and misalignment. Further, the holder may be 
a press mold steel plate having an L-letter part in cross section 
for preventing deformation. The plastic magnet may be oil proof 
(grease) and undergo waterproof treatment for use , and the f errite 
magnet may be made isotropic (reinforced) in the vertical 
direction and vertically magnetized for use. 

As the acceleration sensor attached to an axle, preferably 
a composite sensor integrated with a rotation sensor is used. 
FIGS. 62 to 68 show preferred embodiments wherein a composite 
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sensor is attached to an axle. 

In each of the examples shown in FIGS . 62 to 66, a composite 
sensor 130 is attached to the outer race side of a bearing unit 
of inner race rotation hub type, and a sensor rotor 129b is provided 
at the part on the side of an inner race 2A opposed to the composite 
sensor 130. 

In each of the examples shown in FIGS . 67 and 68, a composite 
sensor 130 is attached to the outside of an outer race of a bearing 
unit of outer race rotation hub type, and a sensor rotor 129b 
is provided at the part on the side of an outer race opposed to 
the composite sensor 130. 

FIG. 69 shows a preferred embodiment of composite sensor 

130. 

The composite sensor 130 is a rotation sensor containing 
an acceleration sensor and is an external sensor unit. An active 
rotation sensor and an acceleration sensor are put into one package 
to form the composite sensor 130. A Hall element 131 for the 
rotation sensor, a GMR element, and acceleration sensor 132 are 
magnetically shieldedby a magnetic board 133, and electromagnetic 
noise is shielded using a cover 134 of the acceleration sensor 
section as a magnetic material for protecting the acceleration 
sensor 132 from noise, and signal processing is performed. The 
signal processingmaybe performed through a cable 135 (for example, 
USB standard) made up of two power supply lines of 5 V, 12 V, 
24 V, etc., plus one acceleration signal line plus one rotation 



pulse signal line or two power supply lines plus one signal line 
with acceleration and rotation pulse mixed. If the acceleration 
signal line and the rotation pulse signal line are separate signal 
lines, a system of converting acceleration output into an analog 
signal or a digital signal and sending the signal to the car body 
on a separate line with the rotation pulse signal as former is 
used on the axle side. The composite sensor 130 is attached to 
the outside of the bearing. In the external sensor, the Hall 
element 131 is covered with a non-magnetic SUS cover 13 6 to detect 
magnetism. For the BRG containing type, similar shielding is 
also performed. The composite sensor 130 includes a magnet 137 
at a position adjacent with the Hall element 131 and further has 
a signal processing circuit 138 placed between the magnetic board 
133 and the acceleration sensor 132 and also has a bush 139 and 
a magnetic case 14 0. A composite sensor of the type wherein the 
magnet 137 is not provided can also be used. 

The acceleration signal output from the acceleration sensor 
maybe processed to the signal in the form not receiving the effect 
of deformation of the wiring and then may be output to a controller 
of the car body by an acceleration signal processor attached to 
a stationary member of a wheel unit below a spring of a vehicle 
suspension together with the acceleration sensor. 

That is, althoughhigh-accuracy semiconductor acceleration 
sensor such as an acceleration sensor using a piezo element or 
piezoelectric element or a capacitance type acceleration sensor 



is attached to the stationary member of the wheel unit below the 
spring of the vehicle suspension moving at all times, the signal 
output to the controller of the car body does not receive the 
effect (distortion, noise, etc.,) of capacitance or wiring 
resistance change noise, etc., caused by motion (deflection) of 
the wiring when the car swings or turns, and the acceleration 
in the traveling direction of each wheel can be detectedprecisely . 

The acceleration signal processor can perform 
amplification processing, temperature insuring circuit, tire 
minute vibration removal filter, digitalizat ion processing, etc., 
for the acceleration signal of the acceleration sensor, thereby 
performing not only processing of converting into the form not 
receiving the effect of motion of the wiring, but also processing 
of converting into the form not receiving any other effect of 
electromagnetic noise of the engine, temperature change, etc. 

The acceleration signal processor may be configured so as 
to transmit the processed signal to the controller of the car 
body by radio. 

Further, the processing power of the acceleration signal 
processor may be supplied from the car body or may be supplied 
by electric power generation of wheel rotation. 

Measures for preventing a side slip at the vehicle turning 
time (corning time) will be discussed below: 

The force in the traveling direction, Fx (= 1/Xm [X Fz X) 
(where limit slip ratio Xm = 0.15 and vertical load imposed on 
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tire: Fz) , is almost proportional to the slip ratio until a point 
before a real slip (for example, X > 0. 1) and therefore the degree 
of road surface resistance force is determined from the slip ratio . 

Therefore, drive and braking can be controlled referencing 
the degree of road surface resistance force. 

Fx may be found from expression of Fx = (Fz/g) Ax (where 
g is gravity acceleration) . 

Since road friction coefficient \x is almost (0.15/g) (AxA) 
until a point before a real slip (for example, X > 0.1), it is 
always found from the ratio between the acceleration and the slip 
ratio (it may be found from the inclination angle or the change 
rate) . 

For the friction coefficient as a road surface fixed value, 
the coefficient found in the almost linear range before a real 
slip (for example, X<0.1) is stored and the previous road friction 
coefficient |-i is used in the range of X > 0.1. 

For the friction coefficient as correlation between the 
road surface and tire, the road friction coefficient \x is found 
as the ratio between the acceleration and the slip ratio (0.15/g) 

(Ax/A,) itself. 

However, the expression of Fx given above holds at the 
braking time of the non-drive time. 

At the braking time, considering that the same braking force 
Fx acts on each wheel, from the following expression (264) : 
[Expression 171] 
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F x = \/0.2- ju-F. A •••(261) 
the proportional distribution of Fzi, Fzii, Fziii, and Fziv 
of the wheels becomes the proportional distribution of 1/Xi, 1 Aii,' 
1/Xiii, and lAiv, the reciprocal of the slip ratio at the time 
and thus becomes as in the following expression (262) : 
[Expression 172] 

JT.-O/JJ/ZO/^) •••(262) 
For example, 
[Expression 173] 

/ ( =(l/^)/((l/A) + (2/A) + (3/A) + (4/A)) ••• (263) 

This expression (262) is stored as the load coefficient 
of each wheel. The total of Fzi, Fzii, Fziii, and Fziv of the 
wheels is the car body total weight W and therefore can be later 
used as Fzi = W fi. 

For the expression of Fx = (Fz/g) Ax described above, at 
the acceleration time of two-wheel drive, if the right, Fz is 
calculated as the sum of Fz before and after the right. For 
example, 
[Expression 174] 

F xi =((F ii+ F liii )g)A x •••(2 64) 

From this expression (264) and the following expression 
(265), further the following expression (266) is obtained: 
[Expression 175] 

F^ =1/0.2- p-F si X •••(265) 
[Expression 176] 



M i =((F :i+ F Tiii )/g)AJ(l/0.2. M F :i A) .-.(266) 

=o.2<a+/.v/i*)-4,/*» 

In fact, average of un is adopted as u. 

Accordingly, Fzi, Fzl, and \i are also found and thus Fx 
is found as the ratio of W. 

At the turning time, the acceleration relative to the Y 
direction (lateral direction) of the acceleration sensor of the 
car body and the acceleration relative to the Y direction (lateral 
direction) of each axle of the acceleration sensor of each axle 
are calculated from the time when angle sensor provided on the 
axle detects turning, and the acceleration difference is twice 
integrated to find the difference between the axle and the car 
body by calculation. When the difference (dif f erence/uO is large 
considering the road friction coefficient found according to the 
above-described method, the speed is reduced to lower the 
centrifugal force (or the corning force against the centrifugal 
force) for preventing a side slip and at the same time, preventing 
the slip ratio in the X direction (traveling direction) from 
reaching the limit slip 
ratio . 

The turning angle is found from the difference between angle 
sensors of the steering wheel and a non-steering wheel. 

When the turning angle is addedor traveling speed dif ference 
appears between the left and right axles, the vehicle is turning 
and the centrifugal force works. The centrifugal acceleration 
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is found by calculation and the lateral-direction share among 
the tires is found. If it becomes large considering the friction 
coefficient, the speed may be reduced. 

At the turning time, if the acceleration sensor in the Y 
direction of the axle suddenly increases as compared with change 
speed of the turning angle difference or change in centrifugal 
acceleration, it is determined that the wheel starts a side slip, 
and the speed is reduced. At the time, if a side slip of the 
front wheel to the outside occurs, the drive torque may be 
suppressed and the brake may be (much) applied to the rear inner 
wheel for insuring the traceability of the vehicle. If a side 
slip of the rear wheel to the outside occurs, the brake may be 
(much) applied to the front outer wheel for insuring the 
traceability of the vehicle. 

Industrial Applicability 

As described above, according to the slip ratio measurement 
method and the vehicle control method and further the slip sensor, 
the slip sensor bearing, and the slip control system according 
to the invention, the precise slip ratio for each wheel can also 
be found at the traveling time of the vehicle in a straight line 
and at the turning time. The precise traveling speed for each 
wheel can be found from the apparent tire radius and the wheel 
rotation angular speed provided by the methods. 

Further, the slip ratio and the traveling speed can be 



measured seamlessly regardless of the driving state of the vehicle, 
and the stable run state of the vehicle can be maintained. 
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CLAIMS 



1 . Awheel run state measuring method of using an acceleration 
sensor in the traveling direction of each wheel and a wheel rotation 
sensor, attached to each axle unit of a vehicle. 

2 . A wheel run state measuring method of using an acceleration 
sensor in the traveling direction of each wheel, attached to each 
axle unit of a vehicle, an acceleration sensor in the lateral 
direction of each wheel, and a wheel rotation sensor. 

3. Awheel run state measuring method of using an acceleration 
sensor in the traveling direction of each wheel, attached to each 
axle unit having a drive wheel of a vehicle and a wheel rotation 
sensor . 

4. The vehicle using the method as claimed in claim 1. 

5. The vehicle using the method as claimed in claim 2. 

6. The vehicle using the method as claimed in claim 3. 

7. An axle unit or a rolling bearing unit for axle support 
comprising : 

an acceleration sensor for measuring acceleration in the 
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traveling direction of a wheel, and 

a rotation sensor for measuring the rotation angular speed 
of the wheel. 

8. A vehicle control apparatus using an acceleration sensor 
of each wheel and a wheel rotation sensor, attached to each axle 
unit of a vehicle. 

9. The rolling bearing unit for axle support comprising: 
the acceleration sensor and the rotation sensor as claimed 

in claim 8. 

10. A wheel unit comprising: 
a stationary member, 

a rotation member being rotatable relative to the stationary 
member, 

a sensor rotor being attached to the rotation member, 
a rotation speed sensor being attached to the stationary 
member so as to be opposed to the sensor rotor for outputting 
a rotation speed signal responsive to the rotation speed of the 
sensor rotor, and 

an acceleration sensor being attached to the stationary 
member for outputting an acceleration signal responsive to the 
acceleration in the traveling direction of the wheel unit. 
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11. A wheel unit comprising: 
a stationary member, 

a rotationmember being rotatable relative to the stationary 
member, 

a sensor rotor being attached to the rotation member, 
a rotation speed sensor being attached to the stationary 
member so as to be opposed to the sensor rotor for outputting 
a rotation speed signal responsive to the rotation speed of the 
sensor rotor, and 

an acceleration sensor being attached to the stationary 
member for outputting an acceleration signal responsive to the 
acceleration in the traveling direction of wheel. 

12. A rolling bearing unit for wheel support comprising: 
a rotation wheel , 

a stationary wheel, 

a plurality of rolling elements being placed between the 
stationary wheel and the rotation wheel, 

a sensor rotor being attached to the rotation wheel, 

a rotation speed sensor being attached to the stationary 
wheel so as to be opposed to the sensor rotor for outputting a 
rotation speed signal responsive to the rotation speed of the 
sensor rotor, and 

an acceleration sensor being attached to the stationary 
wheel for outputting an acceleration signal responsive to the 
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acceleration in the traveling direction of wheel. 

13. A wheel unit comprising: 

a stationary member of the wheel unit below a spring of 
a vehicle suspension, 

a rotation member being rot a table relative to the stationary 
member, 

a sensor rotor being attached to the rotation member, 
a rotation speed sensor being attached to the stationary 
member so as to be opposed to the sensor rotor for outpu-tting 
a rotation speed signal responsive to the rotation speed of the 
sensor rotor, and 

a semiconductor acceleration sensor being attached to the 
stationary member for outputting an acceleration signal 
responsive to the acceleration in the traveling direction of 
wheel . 

14. A vehicle control method using an acceleration sensor in 
the traveling direction of each wheel and a wheel rotation sensor, 
attached to each axle unit of a vehicle. 

15. The sensor comprising: 

an acceleration sensor and a rotation speed sensor provided 
on a wheel to use the measuring method as claimed in claim 1 or 
the vehicle control method as claimed in claim 14. 
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16. The bearing comprising the sensor as claimed in claim 15. 

17. The control system for controlling the run state of an 
automobile using the measuring method as claimed in claim 1 or 
the vehicle control method as claimed in claim 14. 
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ABSTRACT 



An axle unit 210 including a rolling bearing unit attached 
to a knuckle of a wheel support member has a slip sensor 211 
including acceleration sensors and a rotation sensor in one piece . 
The slip sensor 211 has the rotation sensor placed on the base 
face, and the rotation sensor is placed facing an encoder 213 
attached to a rotation member 212 . At the vehicle running time, 
the traveling acceleration in the traveling direction of the wheel 
and the rotation angular speed are detected and at the vehicle 
running time, the ground speed of each wheel, the tire radius 
of each wheel, and the slip ratio of each wheel are found. 
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